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and  dollan  it  a serious  problem.  Recognizing  this,  the  Applied  Technology  Laboratory  funded  PPG  Industries  and  Good- 
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is  required  for  a better  performing,  more  reliable  product. 

The  objectives  of  this  contract  were  to  develop  a draft  specification  and  a comprehensive  design  handbook.  The  results  are 
published  in  two  reports:  TR  78-ffi.  Design.  Test  and  Acceptance  Criteria  for  Helicopter  Transparent  Enclosures;  and  TR 
78-25A  and  B,  Helicopter  Transparent  Enclosures,  Volume  I being  the  Design  Handbook  and  Volume  II  being  the  General 
Specification. 

In  this  program,  emphasis  was  devoted  to  structural  integrity,  including  the  interactive  effects  of  airframe  stiffness,  edge 
attachments,  structural  loads,  thermal  variations,  vibration,  and  windshield  manufacturing  tolerances  based  on  induced  loads 
resulting  from  windshield/airframe  contour  mismatch.  A NASTRAN  finite  element  analysis  of  a windshield  and  its  airframe 
support  structure  was  used  to  analyze  the  structural  interaction  between  fuselage  deformation,  airframe/cockpit  enclosure 
loads,  and  windshield  strains  and  deformations.  Subsequent  tests  demonstrated  the  need  for  more  refined  NASTRAN 
modeling. 

A General  Specification  has  bnen  developed  with  minimum  performance  levels  stated  for  those  characteristics/features  con- 
sidered common  to  all  transparent  enclosures,  together  with  a set  of  qualification  and  acceptance  test  criteria  to  ensure 
conformance.  The  key  aspect  of  the  qualification  end  acceptance  tests  is  the  development  of  an  integrated-endurance  test. 
This  test  realistically  combines  operational  loads  and  environmental  extremes  cyclically  in  a severely  accelerated  life  cycle 
exposing  failure  modes,  permitting  an  assessment  of  expected  service  life.  This  test  puts  "teeth”  into  the  specification, 
and  its  implementation  should  afford  a cost-effective  means  for  substantiating  windshield  reliability.  A realistic  windshield 
wiper  abrasion  test  has  been  embodied  in  the  General  Specification.  At  this  time,  there  is  insufficient  data  for  relating 
results  from  this  test  to  service  life. 

The  Genera!  Specification  and  Design  Handbook  art  responsive  to  the  Army's  need.  Tbeir  implementation  is  encouraged. 
This  program  was  conducted  under  the  technical  cognizance  of  Joseph  H.  McGervey,  Aeronautical  Systems  Division. 
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1.0  INTRODUCTION 

“Above  all  else,  you  must  be  able  to  see  through  it."  This  simple 
phrase  embodies  the  essence  of  transparent  enclosure  design.  To  ful- 
fill this  need  during  extreme  natural  and  induced  environmental  con- 
ditions, and  still  function  as  a weathertight  structure,  unique  design 
features,  materials,  and  ancillary  systems  are  necessary. 

Because  of  the  complexity  involved,  collaborative  efforts  involving 
numerous  disciplines  are  normally  required  to  develop  optimum  designs. 
The  coordination  of  such  engineering  activities  is  most  effectively 
accomplished  by  specialists  familiar  with  all  systems. 

To  aid  in  these  endeavors , this  comprehensive  design  handbook  has  been 
prepared.  This  handbook  provides  pertinent  design  information  that 
will  enable  engineers  to  address  in  a proficient  manner  all  of  the 
important  attributes  associated  with  helicopter  transparent  enclosures. 

1 . 1 Transparent  Enclosure  Development  Guide 


This  handbook  is  structured  in  a manner  that  roughly  parallels  the  se- 
quence of  considerations  used  to  develop  helicopter  transparent  en- 
closures. 

A flow  chart  illustrating  a typical  development  program  is  shown  in 
Figure  1-1.  The  orderly  progression  from  preliminary  design  through 
final  acceptance  testing,  with  appropriate  iterations,  is  necessary  to 
achieve  reliable,  cost-effective  products. 

During  preliminary  design,  the  basic  sizes,  shapes  and  locations  of 
the  transparencies  are  determined.  Careful  considerations  of  major 
transparency  attributes  must  be  made  at  this  time  since  subsequent 
changes  to  the  basic  configuration  are  usually  difficult  to  make. 

Next,  special  characteristics  are  extracted  from  the  helicopter  model 
specification,  or  customer  requirements,  and  translated  into  specific 
transparency  requirements. 

Airframe  interface  and  material  selection  is  generally  accomplished  in 
parallel  to  optimize  the  design.  Interaction  with  transparency  manu- 
fa:turers  is  appropriate  at  this  time.  After  finalizing  design  and 
performance  requirements,  detail  drawings  and  specifications  are  pre- 
pared. 

As  a final  step  prior  to  producing  a new  design,  a comprehensive  quali- 
fication program  should  be  undertaken.  Qualification  testing  is 
necessary  because  of  complex  interactions  that  occur  that  affect  ser- 
vice life  and  which  cannot  be  foretold  by  purely  analytic  means. 
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Acceptance  testing  and  inspection  are  necessary  to  insure  that  pro- 
duction variab'es  are  maintained  within  acceptable  limits.  The  last 
step,  monitoring  reliability  under  operational  conditions,  will  con- 
firm that  original  objectives  are  being  met  and  will  reveal  any  de- 
ficiencies that  might  otherwise  escape  detection  during  qualification. 

1.2  Reference  Information 

Applicable  standards  and  specifications  for  design  are  listed  in 
Appendix  A. 

Transparent  enclosure  configurations  for  a number  of  different  heli- 
copter models  are  described  in  Appendix  B. 

A specification  which  consolidates  design,  acceptance  and  test  criteria 
for  helicopter  transparent  enclosures  is  presented  in  Volume  II. 
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VISIBILITY  ENVELOPE 


One  of  the  first  steps  in  designing  a cockpit  enclosure  is  to  provide 
an  acceptable  field  of  vision  for  the  flight  crew.  The  maximum  practi- 
cal external  vision  should  be  provided  for  the  pilots.  MIL-STD-850B, 
"Aircrew  Station  Vision  Requirements  for  Military  Aircraft",  specifies 
minimum  requirements  for  side-by-side  pilot,  single-pilot  and  tandem- 
pilot  helicopters.  Particular  consideration  should  be  given  in  each 
case  to  the  external  vision  provided  in  conjunction  with  the  specified 
missions  of  the  helicopter.  It  may  be  kept  in  mind  that  the  total 
field,  obtained  by  both  head  and  eye  movements  that  are  performed 
easily  and  naturally,  subtends  about  75%  of  a sphere  (155  degrees  of 
either  side,  91  degrees  upward  and  112  degrees  downward). 

The  specific  vision  requirements  from  MIL-STD-850B  are  given  relative 
to  the  longitudinal  fuselage  line  and  are  as  follows: 

2. 1 Side-by-Side  Pilot 

a)  Controls,  consoles,  and  instrument  panels  shall  be  located  so  as 
not  to  restrict  vision,  with  particular  emphasis  on  adequate 
over-the-nose  visibility.  Insure  that  mounting  and  reinforcing 
frames  or  strips  that  divide  transparent  areas  and  form  obstruc- 
tions to  vision  are  not  more  than  2 inches  wide  when  projected 
onto  a plane  perpendicular  to  a line  between  the  structure  and 
the  pilot's  eyes  at  the  design  eye  position.  Distribute  such 
obstructions  to  avoid  critical  vision  areas. 


b)  The  following  minimum  angles  of  unimpaired  vision  shall  be  avail- 
able to  the  pilot  from  the  design  eye  position: 

1)  At  0°  azimuth,  25°  down  and  20°  up  shall  be  available. 


2) 

3) 

4) 

5) 

6) 
7) 


From  10°  left  azimuth  to  10°  right  azi 
shall  increase  from  20°  to  30°. 


muth,  downward  vision 


In  the  area  between  iC°  right  azimuth  and  135°  right  azimuth, 
50°  of  downward  vision  shall  on  available. 

From  0°  to  80°  right  azimuth,  upward  visior  shall  increase 
from  20°  to  40°. 

From  80u  right  azimuth  to  100°  right  azimuth,  upward  vision 
shall  be  40°. 

From  100°  right  azimuth  to  135°right  azimuth,  upward  vision 
requirements  may  decrease  gradually  from  40°  to  20’'. 

From  10°  left  azimuth  to  100°  left  azimuth,  20°  up  and  20° 
down  shall  be  available. 
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There  shall  be  no  vertical  obstruction  between  20°  right  and  20° 
left  of  the  longitudinal  axis  relative  to  the  design  eye  position. 

There  shall  be  no  horizontal  obstructions  in  the  area  extending 
15°  above  the  horizontal  from  135°  right  to  40°  left  and  de- 
creasing to  a point  10°  above  the  horizontal  at  100°  left.  No 
horizontal  obstructions  shall  be  in  the  area  15°  below  the  hori- 
zon between  135°  right  and  100°  left.  If  necessary,  horizontal 
obstructions  in  this  area  shall  be  limited  to  one  above  the 
horizon  and  one  below  the  horizon  and  shall  be  restricted  to  4 
inches  in  width. 

The  preceding  requirements  are  plccted  in  Figure  2-1  as  an 
Aitoff’s  equal  area  graph.  The  copilot’s  field  of  vision  is  a 
reverse  image  of  Figure  2-1. 


Aitoff's  Equal  Area  Graph  (Degrees) 


Figure  2-1.  Side-by-Side  Vision  Plot. 
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2.2  Single-  and  Tandem- Pi  lot  Helicopters 


The  vision  requirements  given  below  were  excerpted  from  MIL-STD-850B 
and  are  applicable  to  single-  and  tandem-pilot  helicopters  with  the 
pilot  in  either  the  forward  or  aft  position  The  forward  cockpit 
position,  if  occupied  by  other  than  the  primary  pilot  (i.e.  , gunner  or 
observer),  shall  also  comply  with  these  requirements. 

a)  The  following  shall  be  the  minimum  angles  of  unimpaired  vision 
available  to  the  pilot  from  the  design  eye  position: 

1)  At  0°  azimuth,  at  least  25°  down  and  70°  up. 

2)  At  20°  azimuth,  left  and  right,  25°  down  and  70°  up. 

3)  At  30°  azimuth,  left  and  right,  30°  down  and  70°  up. 

4)  At  90°  azimuth,  left  and  right,  50°  down  and  70°  up. 

5)  At  135°  azimuth,  left  and  right,  34°  down  and  70°  up. 

b)  Visibility  above  the  elevation  specified  in  para.  2.2(a)  of  at 
least  90°  shall  be  provided.  Interruptions  of  vision  by  horizontal 
structure  of  not  more  than  2 inches  of  width  along  or  above  the 
elevation  boundary  of  a and  vertical  structural  members  of  not 
more  than  2 inches  in  width  located  in  accordance  with  para. 

2.1(d)  are  permitted. 

The  preceding  requirements  are  plotted  in  Figure  2-2  as  an  Ai toff's 
equal  area  graph. 


Aitoff's  Equal  Area  Graph  (Degrees) 
Figure  2-2.  Single  Pilot/Tandem  Pilot  Vision  Plot. 
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2.3  Width  of  Structural  Members 

Structural  members  within  the  pilot's  field  of  vision  must  be  made  as 
narrow  as  possible.  A structural  member  will  block  off  part  of  the 
field  of  vision  for  both  eyes  if  it  is  wider  than  the  distance  between 
the  pupils  of  the  eyes;  that  is,  if  it  is  so  wide  that  one  eye  will 
not  "cover"  for  the  other  unless  the  pilot  moves  his  head.  The  angle 
subtended  by  the  blind  area  is  Droportional  to  the  width  of  the  frame 
member  minus  the  interpupil  1 ary  distance.  These  points  are  illustra- 
ted in  Figure  2-3.  In  A,  the  frame  is  narrower  than  the  effective 
interpupil  1 ary  distance.  The  left  eye  can  see  any  part  of  the  field 
of  vision  that  is  blocked  for  the  right  eye  and  vice  versa,  except  for 
a narrow  triangular  area  just  behind  the  frame.  In  B,  the  frame  is 
just  the  width  of  the  effective  interpupil  1 ary  distance  - about  2-1/2 
inches  maximum.  It  creates  a narrow  blind  area  exactly  as  wide  as 
the  interpupillary  distance,  but  the  blind  area  gets  no  wider  out  into 
space;  only  a 2-1/2-inch  strip  will  be  blocked  out  whether  an  object 
is  5 inches  or  5 miles  behind  the  frame.  Therefore,  for  practical 
purposes,  in  an  aircraft,  a frame  2-1/2  inches  wide  does  not  obstruct 
vision  for  both  eyes.  However,  in  C,  the  frame  is  wider  than  the 
interpupillary  distance.  The  effective  binocular  blind  area  now  in- 
creases with  distance  by  a factor  proportional  to  the  excess  in  width 
over  2-1/2  inches  and  the  distance  of  the  frame  member  from  the  eyes. 

Note  that  for  objects  seen  to  one  or  the  other  side  of  the  fore-and- 
aft  vertical  plane  bisecting  the  head,  the  effective  interpupi 1 lary 
distance  (Figure  2-3C)  decreases  with  the  cosine  of  the  angle  between 
the  line  from  eyes  to  object  and  the  plane.  In  other  words,  a smaller 
obstruction  to  one  side  will  block  vision  (provided  the  pilot  does  not 
turn  his  head).  Therefore,  obstructions  should  be  less  than  the  in- 
terpupi 11  ary  distance:  no  more  than  2 inches  in  width. 

Horizontal  obstructions  should  always  be  as  narrow  as  possible  since 
the  eyes  are  in  the  same  plane  and  therefore  any  obstruction  will 
subtend  an  ever  increasing  area  of  vision. 

The  importance  of  keeping  obstructions  as  narrow  as  possible  ran  be 
seen  when  one  considers  that  large  objects,  such  as  an  entire  aircraft, 
can  remain  hidden  behind  structural  members  up  to  relatively  close 
distances.  Excessively  wide  structural  members  can  therefore  create 
potentially  dangerous  situations  during  combat,  formation  flying, 
nap-of-the-earth  flight,  and  landing  and  ground  operations. 

It  must  be  emphasized  that  obstruction  width  does  not  just  include 
the  structural  framing  member  but  also  includes  any  opaque  areas  on 
the  transparency  itself  that  extend  into  the  field  of  vision.  This 
includes  edge  reinforcements,  retention  straps,  and  bus  bars  in  the 
case  of  heated  windshields. 

Reductions  in  projected  areas  can  sometimes  be  obtained  by  canting  or 
skewing  the  structural  member,  to  align  minimum  dimensions  with  the 
lines  of  sight.  This  is  illustrated  in  Figure  2-4. 
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Figure  2-3.  Areas  Blocked  by  Windshield  Frame  Members  That  Are 
Narrower  Than,  Equal  to,  and  Wider  Than  the  Distance 
Between  the  Pupils. 


Figure  2-4.  Effect  of  Canting  Frames. 
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TRANSPARENCY  SHAPE 


The  size,  shape  and  position  of  the  transparent  enclosure  is  deter- 
mined early  in  the  design  stage  because  of  its  important  relationship 
to  the  crew  station  and  aerodynamic  performance  of  the  helicopter. 

This  chapter  provides  information  on  the  optical  and  structural  effects 
of  curvature  and  obliquity  on  enclosure  geometry. 

Optical  Effects  of  Obliquity 

The  angle  of  incidence  is  a very  important  parameter  affecting  the 
optical  quality  of  transparency  installations.  Angle  of  incidence  is 
defined  as  the  angle  between  the  line  of  sight  and  the  normal  (perpen- 
dicular) to  the  surface. 

As  the  angle  of  incidence  is  increased,  a number  of  optical  effects 
occur  that  are  unfavorable  to  vision.  Some  of  these  effects  are  caused 
by  the  increased  thickness  of  the  transparent  material  through  which 
the  light  must  pass.  Other  effects  are  due  to  greater  portions  of  the 
light  being  reflected  by  the  surfaces.  However,  most  serious  effects 
result  from  the  magnification  of  deviations  and  distortions  caused 
by  nonparallelism  and  irregularity  of  the  surfaces  of  the  window. 

Shown  in  Figure  3-1  are  the  changes  in  deviation  and  distortion  result- 
ing from  angle  of  incidence.  The  curves  show  the  multipl icatii  i 
factors  by  which  the  value  at  zero  angle  of  incidence  is  increoi 
If,  for  example,  a piece  of  glass  caused  a deviation  of  10  m ref  s ..f 
arc  at  zero  angle  of  incidence,  this  value  would  be  increase-1  to 
approximately  50  minutes  of  arc  at  70",  For  distortion,  the  curve 
is  read  in  the  same  manner  except  that  the  measurement  is  in  terms  of 
maximum  line  slope  change  on  a rectangular  grid  photographed  through 
the  test  window. 


Similar  data  on  the  effects  of  angle  of  incidence  are  shown  in  Figure 
3-2  for  surface  reflections  and  for  light  transmission  through  a win- 
dow. The  reflection  data  apply  to  the  surface  where  light  enters  a 
window.  The  transmission  losses  shown  in  Figure  3-2  are  due,  in  large 
part,  to  the  light  lost  by  reflection. 


All  four  curves  shown  in  Figures  3-1  and  3-2  have  basically  the  same 
form  and  show  that  deviation,  distortion,  and  transmission  loss  all 
increase  rapidly  as  the  angle  of  incidence  exceeds  60°.  For  al^curves 
thg  changes  between  60°  and  70°  are  greater  than  those  between  0 and 
60°.  It  is  primarily  from  these  data  that  the  design  standards  were 
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derived  that  set  60  as  the  maximum  allowable  angle  of  incidence  for 
military  aircraft  windshields. 


Reflected  Light  Multiplication  Factor 


Angle  of  Incidence  - Degrees 

Data  From  Ref.  1 

Figure  3-1.  Effects  of  Angle  of  Incidence  on  Optical  Deviation. 


Angle  of  Incidence  - Degrees 

Data  From  Ref.  2 

Figure  3-2.  Effects  of  Angle  of  Incidence  on  Surface  Reflections 
and  Transmission  Loss. 
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Light  Transmission  Factor 


3.2  Optical  Effects  of  Curvature 


As  shown  in  Figure  3-3,  a light  ray  passing  through  a curved  window  at 
other  than  zero  angle  of  incidence,  with  reference  to  the  radius  of 
curvature,  will  be  given  some  angular  deviation,  even  though  there  are 
no  defects  and  the  window  surfaces  are  perfectly  concentric.  In  ad- 
dition to  the  angle  of  incidence,  the  amount  of  this  deviation  depends 
upon  the  radius  of  curvature,  the  thickness  of  the  window,  and  the  index 
of  refraction.  If  a pilot's  eye  position  is  at  the  center  of  curvature 
for  a circular  windshield,  he  will  experience  no  deviation  caused  by 
the  curvature  itself.  Most  likely,  however,  there  will  be  some  devia- 
tion from  wedginess  in  the  transparency  since  it  is  difficult  to  avoid 
such  effects  in  curved  panels. 

The  extent  to  which  deviation  can  be  affected  by  the  radius  of  curva- 
ture is  shown  in  Figure  3-4.  This  curve  plots  deviation  as  a function 
of  the  ratio  of  thickness  to  radius  of  curvature  (thickness/curva- 
ture ratio)  for  various  angles  of  incidence.  The  curve  may  also 
be  used  to  calculate  deviation  for  loft  conic  panels  by  approximat- 
ing the  radius  of  curvature  tangent  to  the  point  being  investigated. 

As  seen  from  this  curve,  a combination  of  a thick  window,  a high 
angle  of  incidence,  and  a short  radius  of  curvature  can  result  in 
very  high  angles  of  deviation.  To  bring  this  curve  into  perspective, 

Table  3-1  lists  values  of  acceptable  optical  deviation  for  different 
classes  of  transparencies.  The  values  are  tentative  specifications 
obtained  from  Reference  4. 


Figure  3-3.  Optical  Deviation  Through  a Curved  Panel. 
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Binocular  deviation  limits  are  also  presented  to  ensure  that  vision  through 
the  panel  does  not  result  in  eye  strain.  Binocular  deviation  is  the  dif- 
ference in  deviation  of  two  parallel  incident  rays,  which,  for  this  appli- 
cation, are  considered  to  be  2.5  inches  apart  in  a horizontal  plane,  this 
being  the  average  spacing  of  the  human's  eyes. 


TABLE  3-1.  ACCEPTABLE  VALUES  OF  OPTICAL  DEVIATION 


Type  of  Transparency 


Optical  Deviation 
(Minutes) 


Binocular  Deviation 
(Minutes) 


Windshield  gunsight  area 

Forward- facing  windshield 
of  the  highest  quality 
suitable  for  weapon  aiming 

Forward  panels  for  non- 
combat aircraft 

Side  panels  for  non- 
combat aircraft,  canopies 


± 1.8 


15 

20 


10 

10 

10 


Thickness/Radius  of  Curvature 


Data  From  Ref.  3 


Figure  3-4. 


Effects  of  the  Thickness/Radius  of  Curvature  Ratio 
on  Optical  Deviation  at  Three  Angles  of  Incidence. 
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3.3  The  Effect  of  Curvature  on  Enclosure  Geometry 


Panel  curvature  has  a direct  bearing  on  the  number  and  location  of 
structural  supports  required  in  a cockpit  enclosure.  This  stems  from 
the  fact  that  the  primary  loading  condition  used  to  design  transparent 
enclosures  is  most  often  aerodynamic  pressure  loading.  Since  curved 
panels  are  the  most  efficient  shapes  used  to  support  pressure  loads, 
and  flat  panels  are  the  least  efficient,  it  should  be  expected  that, 
for  a given  panel  weight  and  pressure  loading,  the  curved  panels  could 
be  made  larger  than  flat  panels. 

Although  generalizations  are  difficult  because  of  the  number  of  vari- 
ables involved,  some  practical  size  limitations  for  curved  and  flat 
helicopter  transparencies  have  evolved  over  the  years.  Short-side  di- 
mensions for  flat  panels  generally  range  from  18  inches  to  24  inches, 
while  the  short- side  dimensions  for  curved  panels  can  be  up  to  30  to 
40  inches.  A classic  example  of  how  curvature  can  be  used  to  minimize 
structural  obstructions  is  the  one-piece  bubble  enclosure  used  on  the 
OH-13  helicopter  (Ficure  3-5). 


Figure  3-5.  OH-13  Helicopter 
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For  side-by-side  oilot  helicopters,  cockpits  utilizing  flat  windshields 
as  opposed  to  curved  panels  will  invariably  require  additional  support 
members.  Figure  3-6  shows  an  example  for  a 68-inch-wide  cockpit.  On 
the  left  side  of  the  illustration,  two  29- inch  curved  panels  are  usgd 
to  span  the  vision  field  from  the  center  line  of  the  aircraft  to  45° 
aft  of  the  pilot's  design  eye  position.  A total  of  three  posts  would 
be  required  for  this  installation;  a center  post,  and  left  and  right 
quarter  posts. 

On  the  right  side  of  the  illustration,  flat  panels  are  used  to  form 
the  same  basic  shape.  In  this  case,  29-inch  plat  panels  would  be 
excessively  large,  and  the  opening  must  be  broken  into  two  smaller 
23-inch  panels  and  a central  16-inch  panel.  An  additional  post  is  also 
necessary  to  support  the  smaller  panels. 


29-inch 
Curved  Panels. 


l6-inch  Center  Flat  Panel 


iO 

\ Unobstructed 
Vision  Requirement 


29-inch 
Curved  Panels 


Design  Eye 
® Position 
(Typical) 


Cockpit 

Aft  Vision 
Reqmt  (Typical) 


23-inch 
-Flat  Panels 


Post 

l (Typical) 


Bulkhead 


Bulkhead 


Figure  3-5.  Flat  Versus  Curved  Panel  Geometry. 
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OPTICAL  FACTORS 

Good  vision  for  flight  crews  is  axiomatic.  Aviators  are  carefully  se- 
lected for  maximum  visual  capability,  and  any  significant  degradation  of 
this  faculty  will  reduce  flight  safety  and  combat  effectiveness.  For 
Army  helicopters,  some  of  the  tasks  that  require  clear,  uninterrupted 
vision  through  transparencies  are  listed  below: 

Nap-of-the-earth  flight 
Formation  flight 

Detection  and  recognition  of  ground  targets  for  navigation 
Reconnaissance,  search  and  rescue 
Night  flight 

Judging  height  and  distances  necessary  for  landing  and 
takeoff 

Weapon  guidance 

A certain  amount  of  visual  degradation  will  occur  when  looking  through 
any  transparent  material.  The  minimization  of  such  degradation  should 
be  the  objective  of  all  transparency  specifications. 

Definition  of  Optical  Terms  and  Their  Effects  on  Vision 

Degradation  of  vision  through  transparencies  can  result  from  inherent 
optical  properties  of  the  transparent  material,  defects  introduced 
during  the  manufacturing  process,  service-induced  damage,  or  other 
factors  determined  by  the  geometry  of  the  installation. 

To  provide  a basis  for  the  material  that  follows,  this  section  de- 
scribes the  optical  effects  that  will  be  discussed  and  shows  how  they 
interrelate  with  each  other.  For  purposes  of  illustration,  the  effects 
are  considerably  exaggerated.  All  the  effects  are  illustrated  for 
simple,  single-layer  windows,  rather  than  the  laminated  transparencies 
normally  used  in  windshields.  Each  layer  of  a laminated  transparency 
can  contain  any  or  all  of  the  optical  effects  shown. 

A.  Angle  of  incidence 


The  angle  of  incidence  is  measured  with  respect,  to  the  pilot's  line 
of  sight  and  a line  normal  to  the  transparency  surface.  Optical 
defects  are  magnified  as  a function  of  increasing  angle  of  incidence. 


B.  Displacement 


In  passing  through  a window  with  parallel  surfaces,  light  rays  are 
bent  and  displaced  as  shown  above.  The  displacement  is  zero  for  0° 
angle  of  incidence  and  increases  as  the  angle  of  incidence,  thickness, 
or  index  of  refraction  is  increased.  The  displacement  is  linear  and 
usually  measured  in  fractional  inches.  It  does  not  increase  with 
distance,  and  the  effect  on  pilot  vision  is  not  significant. 

C.  Deviation 


In  passing  through  a w.,idow  with  nonparallel  (wedge)  surfaces  the 
path  of  light  is  deviated  angularly  as  shown  above.  The  amount  of 
deviation  is  expressed  in  terms  of  the  angular  change  (degrees, 
minutes,  or  seconds).  Deviation  increases  with  the  index  of  refrac- 
tion of  the  window  material,  the  angle  between  the  surfaces,  and  the 
angle  of  incidence.  Deviation  causes  objects  to  be  seen  at  other 
than  their  true  directions  from  the  observer. 


D.  Distortion 


If  a window  has  minor  variations  in  thickness  or  in  the  parallelism 
of  the  two  surfaces,  there  will  be  variations  in  deviation  for  dif- 
ferent parts  of  the  window.  This  effect  will  cause  straight  lines  to 
appear  wavy  and  the  shapes  of  objects  to  appear  distorted.  As  moving 
objects  are  seen  through  different  parts  of  the  window,  their  motion 
and  shapes  will  change  irregularly.  Distortion  increases  with  the  index 
of  refraction  and  the  angle  of  incidence.  Also,  curved  windows  nor- 
mally cause  much  more  distortion  than  flat  windows. 

E.  Curvature 


Light  rays  passing  through  a curved  transparency  at  0 angle  of  inci- 
dence to  the  radius  of  curvature  will  enter  and  exit  with  no  deviation 
from  the  normal.  For  all  other  angles  of  incidence  relative  to  the 
radius  of  curvature,  the  light  will  exit  with  some  deviations,  even 
though  the  surfaces  are  perfectly  concentric.  The  deviation  increases 
with  the  angle  of  incidence,  the  index  of  refraction,  and  the  thickness 
of  the  transparency;  it  decreases  with  the  radius  of  curvature. 

F.  Binocular  Deviation 

If  there  is  a curvature  in  the  horizontal  plane,  the  deviation  due  to 
curvature  will  be  different  for  the  two  eyes  (as  shown  in  E in  ex- 
aggerated form),  since  they  see  through  different  parts  of  the  curved 
window.  This  causes  an  effect  called  binocular  deviation.  It  is 
belipved  that  the  eyes  can  readily  adjust  to  small  amounts  of  bino- 
cular deviation.  However,  when  the  collimated  image  of  a gunsight 
or  head-up  display  is  superimposed  over  the  view  through  a curved 
windshield,  the  binocular  images  may  not  be  compatible.  Curved  win- 
dows are  more  difficult  to  manufacture  than  flat  windows;  there- 
fore, they  are  more  likely  to  have  defects  causing  deviations  and 
distortions,  which  will  also  cause  binocular  delation  effects.  These 
will  vary  for  different  parts  of  the  windshield. 


G.  Internal  Reflections 


Light  or  bright  objects  inside  the  crew  station  can  be  reflected  into 
the  pilot's  eyes  from  the  inside  surface  of  a window.  Under  many  cir- 
cumstances, ground  lights,  such  as  lights  from  a city,  will  also  re- 
flect from  the  inside  windshield  surface  into  the  pilot's  eyes.  Such 
internally  reflected  images  will  appear  superimposed  over  the  area 
seen  through  the  windshield  and  therefore  will  obscure  vision  for  ob- 
jects outside.  These  internally  reflected  images  are  normally  trouble- 
some only  at  night.  Under  certain  conditions  these  reflections  may  be 
multiple,  as  in  the  case  of  multiple  images  discussed  below. 

H.  Multiple  Images 


When  light  passes  through  a window,  part  is  reflected  at  each  surfgce 
as  it  enters  and  leaves.  The  proportion  reflected  is  minimal  at  0° 
angle  of  incidence,  and  increases  to  100%  as  the  angle  approaches  90°. 
Under  some  optical  conditions,  the  reflections  inside  the  transparency 
may  result  in  one  or  more  secondary  images,  as  illustrated  above.  For 
a laminated  panel,  there  may  be  image  reflections  at  each  lamination. 
Since  these  secondary  or  ghost  images  are  dimmer  than  the 
primary  image,  they  are  normally  seen  and  become  a problem  only  at 
night.  The  optical  conditions  most  likely  to  produce  multiple  images 
are  curved  or  flat  panels  with  wedginess,  combined  with  high  angles 
of  incidence.  A metallic  coating  on  the  transparency  increases  the 
intensity  of  the  secondary  images.  Such  multiple  images  will  occur 
with  flat  panels  only  if  there  is  sufficient  wedginess  to  reflect  the 
displaced  image(s)  back  to  the  observer's  eyes,  rather  than 
along  a path  parallel  to  the  exit  path  of  the  primary  image.  Multiple 
images  can  normally  be  avoided  by  use  of  high-quality  flat  panels. 

I.  Haze 


As  light  enters  or  passes  through  a window,  some  of  the  light  may  be 
scattered  or  diffused,  and  may  appear  as  haze  or  fog  in  the  window. 

Haze  is  generally  defined  in  terms  of  the  percent  of  light  scattered 
and  therefore  lost  in  passage  through  the  window.-  The  haze  effect  is 
increased  as  the  angle  of  incidence  is  increased. 

?.  Transmission 

This  is  defined  as  the  intensity  of  light  emerging  from  the  transparency 
compared  to  the  intensity  of  the  light  incident  upon  it.  Losses  are 
due  to  absorption  within  the  materials  involved  and  reflections  at  the 
various  interfaces  where  there  are  changes  of  refractive  index.  High 
light  transmission  is  of  particular  importance  when  flying  under  con- 
ditions of  low  light  or  when  observing  objects  undei  conditions  of  low 
contrast. 

K.  Resolution 

Resolution  refers  to  visual  acuity,  or  the  ability  of  the  observer  to 
resolve  fine  detail.  Under  typical  daytime  conditions,  using  a rough 
rule  of  thumb,  a person  with  normal  vision  can  resolve  lines  separated 
by  1 minute  of  arc.  A windshield  may  cause  some  loss  of  resolving 
power,  particularly  if  dirty,  scratched,  or  of  poor  quality  material. 
Haze  and  reduced  transmission  are  the  major  factors  affecting  visual 
acuity. 

L.  Minor  Optical  Defects 

Minor  optical  defects,  such  as  lint,  dust,  dirt  particles,  and  bubbles, 
can  exist  within  transparencies.  Such  inclusions  can  be  distracting 
to  the  flight  crew  and  mistaken  for  distant  air  traffic. 

M.  Cracks 

Crack  patterns  resulting  from  structural  failure  or  impact  damage  can 
interfere  with  vision  due  to  prismatic  effects  on  the  light  passing 
through  the  cracks.  The  severity  of  the  vision  blockage  is  primarily 
a function  of  crack  density,  obliquity,  and  the  thickness  of  the  trans- 
parency. 

N.  Dither 

Transparency  dither  or  shaking  can  occur  as  a result  of  aerodynamic  or 
structure-borne  vibrations.  Dither  is  noticeable  by  the  effects  that  it 
has  on  reflected  or  refracted  light.  This  motion  can  cause  optical 
distortions  and  reflections  to  become  more  pronounced,  and  thus  become 
objectionable  to  flight  crews. 


aSSfi 


50 


4.2  Optical  Distortion 


Optical  distortion  is  a result  of  nonuniformities  in  the  material 
thickness  or  in  the  index  of  refraction.  This  causes  rapid  changes 
of  deviation  with  changing  lines  of  sight.  Changes  of  the  refractive 
index  may  be  caused  by  temperature  gradients. 


4.2.1  Types  of  Distortion 


Distortion  can  result  in  the  following  visual  aberrations  to  objects 
viewed  through  the  transparency: 

1.  Displaced 

2.  Deformed 

3.  Wavy 

4.  Contracted 

5.  Magnified 

6.  Locally  Blurred 


It  is  a common  practice  to  evaluate  distortion  by  means  of  Dhotographs 
of  square  grid  patterns  taken  through  the  transparency.  Figure  4-1 
shows  how  the  first  five  preceding  defects  would  appear  in  grid  photo- 
graphs. The  sixth  defect,  local  blurring,  is  caused  by  small  depressions, 
such  as  bull's  eyes.  A bull's-eye  defect  is  show,  in  a grid  photograph 
in  Figure  4-2,  and  the  appearance  of  the  same  defect  on  an  outside 
scene  is  shown  in  Figure  4-3.  Combinations  of  defects  are  also  possible. 


4.2.2  Causes  of  Distortion 


Optical  distortion  results  from  nonuniform  material  thickness  or  index 
of  refraction.  Transparent  sheet  materials  procured  to  military  speci- 
fication have  stringent  optical  deviation  requirements  and  will  be 
distortion-free  if  used  without  subsequent  processing.  However,  opera- 
tions such  as  forming  invariably  cause  the  material  to  thinout,  and 
markoff  from  molds  can  create  tiny  surface  depressions  known  as  orange 
peel.  Likewise,  in  producing  curved  multiple-ply  transparencies,  perfect 
congruence  of  facings  is  difficult  to  achieve  during  lamination,  and 
thickness  variations  result. 


Reworked  transparencies  in  which  scratches  are  blended  out  by  material 
removal  create  local  regions  of  distortion.  Fluctuations  in  the  thick- 
ness of  transparent  coatings  can  also  bring  about  distortion. 

Indices  of  refraction  for  interlayer  materials  are  temperature  sensitive. 
Therefore,  variations  in  temperature  across  the  surface  of  a heated 
windshield  will  create  distortion.  This  distortion  assumes  its  worst 
form  at  low  ambient  temperatures  when  heat  power  demands  and  temperature 
gradients  reach  their  peak  values. 
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a)  Typt,  , . Line  Displacement  b)  Type  2 - Curvature 
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d)  Type  4 - Contraction 
' (Pin  Cushion) 


e)  Type  5 - Magnification 

(Barrel  Distortion) 


Figure  4-1.  Five  Types  of  Cptical  Distortion. 
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?.  Bull's-eye  Distortion  of  a Grid  Board  Photo. 


Figure  4-3.  Bull's-eye  Distortion  of  an  External  Scene. 
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Discontinuities  in  a heating  medium,  such  as  deletion  lines  in 
a three-phase  conductive  coating,  also  give  rise  to  distortions, 
since  they  are  unheated.  The  localized  effects  on  optical  prop- 
erties brought  about  from  wire  element  heating  systems  are 
particularly  severe  and  have  led  them  to  be  termed  “wiggle-wires". 

Effects  of  Optical  Distortion 

In  the  ordinary  course  of  flying,  minor  optical  distortions  can 
be  tolerated.  Large  distortions,  however,  can  be  expected  to 
cause  piloting  errors  and  to  annoy  and  fatigue  the  pilot,  parti- 
cularly after  long  periods  of  flight. 

Some  of  the  important  cues  in  close-range  distance  judgement  are 
binocular  vision  effects.  These  cues  are  based  on  the  fact  that 
the  two  eyes  are  separated  as  they  view  an  object,  and  objects 
viewed  with  both  eyes  are  viewed  from  slightly  different  angles 
and  form  slightly  different  images  on  the  two  retinas.  Thus, 
distortion  effects  that  cause  convergence  or  divergence  of  the 
binocular  lines  of  sight  can  cause  errors  in  estimating  distance. 

External  scenes  appear  to  undulate  when  scanned  through  transpar- 
encies containing  regions  of  local  distortion.  This  effect  is 
particularly  noticeable  along  interfaces  between  curved  and  flat 
panels,  where  objects  will  appear  to  jump  as  they  traverse  the 
interface.  Such  defects  can  be  a constant  source  of  annoyance 
to  flight  crews,  accelerate  fatigue,  and  in  extreme  cases  cause 
motion  sickness. 

Evaluating  Distortion 

There  are  several  basic  methods  used  to  qualify  the  optical  dis- 
tortion of  aircraft  transparencies.  Common  to  all  methods  is  a 
setup  similar  to  that  shown  in  Figures  4-4  and  4-5  in  which  photo- 
graphs are  taken  of  a square  grid  pattern. 

The  distortion  in  the  photograph  can  be  quantified  by  measuring 
the  slope  of  the  grid  lines  as  shown  in  Figure  4-6.  This  is  a re- 
latively simple  method,  since  severe  distortion  can  be  readily 
detected  and  measured. 

Table  4-1  lists  typical  grid  slope  values  for  helicopter  trans- 
parencies. It  should  be  noted  that  relaxation  cf  windshield  dis- 
tortion requirements  is  sometimes  necessary  at  specific  locations 
within  a panel  because  of  manufacturing  limitations. 
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minimal  and  should  not  exceed  2.5%  for  new  materials.  Objec  .ion- 
able  haze  occurs  after  the  component  is  placed  in  service  and  can 
be  created  by  a number  of  circumstances. 

Internal  haze  can  be  caused  by  material  transformations  due  to 
weathering,  moisture  absorption,  or  chemical  attack.  Surface 
haze  can  be  caused  by  dirt,  scratches,  abrasion,  or  crazing. 

The  most  serious  consequence  of  haze  is  the  transformation  of  the 
transparency  into  a sheet  of  glare  when  bright  light  strikes  the 
surface  at  certain  critical  angles.  The  resultant  loss  of  vision, 
which  can  be  total  in  some  cases,  is  a function  of  the  haze  level, 
external  visibility  conditions,  and  intensity  and  angle  of  in- 
cidence of  the  light  source.  Light  sources  can  be  direct  sunlight 
during  the  day  or  miscellaneous  illuminants  during  the  night. 

Unfortunately,  the  point  at  which  maintenance  actions  are  required 
because  of  excessive  haze  is  made  by  operating  personnel  based  on 
subjective  opinions.  Field  surveys  have  indicated  that  abraded 
transparencies  will  be  "lived  with"  until  a level  of  about  15% 
haze  is  reached. 

Light  Transmission 

Some  light  is  always  lost  by  absorption  within  transparent  mater- 
ials. For  clear  materials  this  is  normally  a small  percentage  of 
the  total  light  and  is  a characteristic  of  the  material  and  the 
angle  of  incidence.  An  additional  quantity  of  light  is  lost  by 
surface  reflection.  This  occurs  wherever  there  is  a change  in  the 
index  of  reflection  and  will  increase  as  a function  of  incidence 
angle. 

For  special  applications,  tinted  materials  and  electrically  con- 
ductive coatings  are  sometimes  incorporated  into  the  transparency. 
Tinted  materials  contain  colorants  that  increase  the  absorption 
for  specific  wavelengths  of  light  and  have  lower  overall  light 
transmission  than  clear  materials. 

The  electrical  conductive  coatings  used  for  windshield  heating  or 
radar  reflective  purposes  are  highly  reflective  and  decrease 
overall  light  transmission  by  reflecting  away  a portion  of  the 
incident  light.  Further,  if  polarized  light  from  the  sky  or  from 
a runway  falls  upon  the  transparency , a change  in  plane  or 
polarization  may  take  place  and  dark  patches  may  appear.  If 
viewed  obliquely,  these  patches  interfere  with  vision. 

During  normal  daylight  conditions,  reduced  light  transmission  is 
quite  to' '-rable,  and,  on  a bright  sunlight  d3y,  is  even  desirable. 
However,  under  poor  lighting  conditions,  such  as  dusk,  twilight, 
heavy  overcast,  ana  night  time,  the  losses  affect  visual  acuity 
and  may  be  critical. 


The  effects  of  transmission  losses  can  be  estimated  from  human 
visual  acuity  data,  such  as  shown  in  Figure  4-7.  Also  shown  is 
the  reduction  in  visual  sighting  range  which  results  from  the  re- 
duced acuity  at  the  lower  luminance  levels.  This  curve  shows  that 
at  daytime  background  luminance  levels,  I'.O  millilamberts  and 
above,  the  luminance  level  has  very  1‘  ile  effect  on  visual  acuity 
and  visual  sighting  range.  However,  a^  luminance  is  reduced  to 
nighttime  levels,  visual  acuity  falls  off  quite  rapidly.  Thus, 
during  low  ambient  light  conditions,  any  losses  in  transmission 
could  be  expected  to  reduce  visual  acuity  and  sighting  range. 

Recommended  standards  for  light  transmission  are  presented 
in  Table  4-2. 
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Figure  4-7.  Effect  of  Luminance  Level  on  Minimum  Perceptible  Visual 
Acuity  and  Maximum  Sighting  Range. 


TABLE  4-2.  RECOMMENDED  LIGHT  TRANSMISSION  VALUES  {%) 
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Tinted  Transparencies 

Tinted  transparent  plastics  have  been  used  in  helicopter  overhead 
windows  and  canopies  to  reduce  eye  strain  from  bright  sunlight  and 
to  reduce  cockpit  temperatures  from  solar  radiation.  Depending 
upon  the  manufacturer,  roof  windows  have  been  tinted  green/grey 
or  blue  with  overall  light  transmissions  falling  in  a range  between 
about  16%  and  76%.  Figure  4-8  shows  a typical  light  transmission 
curve  for  a green  tinted  material. 


Data  From  Ref.  2 

Wavelength  - Millimicrons 
Averaged  Spectral  Transmittance  is  27$ 

Figure  4-8.  Spectral  Transmittance  for  Green/Grey  Acrylic  Plastic. 

Pilots  generally  find  such  windows  comfortable  during  flight  in 
clear  weather  but  complain  when  anbient  light  is  reduced.  There- 
fore, when  good  overhead  visibility  is  required  as  part  of  a heli- 
copter mission,  tinted  roof  windows  become  undesirable,  and  an 
alternate  means  of  reducing  the  intensity  of  incident  sunlight, 
such  as  tinted  helmet  visors,  is  suggested. 

Figure  4-9  shows  a light  transmission  curve  for  a blue-tinted 
acrylic  that  has  been  used  in  a helicopter  windshield  and  canopy 
to  reduce  cockpit  heat  loads  caused  by  solar  radiation.  Due  to 
its  absorption  and  transmission  characteristics,  a pilot  would 
be  less  able  to  see  the  red  warning  lights  of  other  aircraft  through 
this  materiel,  especially  in  marginal  visual  flight  regulation 
(VFR)  conditions.  Furthermore,  it  is  a physiological  fact  that 
blue  light  is  scattered  more  in  the  eye  than  longer  wavelengths, 


and  that  the  eye  is  myopic  for  blue  light.  Thus,  the  blue- tinted 
transparency  would  tend  to  distort  a pilot's  depth  perception  so 
that  objects  would  seem  to  be  farther  away  than  reality. 


150  inch  thicKness 
187  inch  thickness 


■■ 


Wavelength  - Millimicrons 


Data  from  Ref.  3 


Figure  4-9.  Spectral  Transmittance  of  Visible  Wavelengths  for 

Blue  Acrylic  Plastic. 


Minor  Optical  Oefects 

During  the  manufacture  and  processing  of  transparent  materials, 
imperfections,  such  as  bubbles  or  foreign  matter,  can  become  im- 
bedded within  the  material.  At  normal  viewing  distances  (1  to  3 
ft),  particles  smaller  than  0.005  inch  are  not  visible.  Larger 
defects  can  be  detected  by  the  eye  and  mistaken  for  distant  air 
traffic,  which  is  an  obvious  distraction  to  air  crews.  Unfortu- 
nately, there  is  little  quantitative  data  available  on  this  subject, 
and  standards  are  based  on  historical  values  used  in  material 
specifications. 

The  following  are  representative  of  maximum  limits: 

a)  Any  defects  under  .032  inch  shall  be  disregarded.  The 
quantity  is  not  limited  to  number,  unless  they  form  a tight 
pattern  which  would  interfere  with  normal  vision. 

b)  Seeds,  bubbles,  small  cullet,  and  dust  particles  from  .032 
to  .093  inch  in  maximum  dimension  with  no  more  than  four  of 
these  within  a 6- inch-diameter  area. 


There  shall  be  no  defects  greater  than  .093  inch  in  maximum 
dimension  in  the  daylight  opening  of  the  transparency. 

Defects  over  .063  inch  are  not  allowed  within  2 inches  of 
each  other. 


Lint,  very  fine  hair,  fibers,  and  similar  inclusions  up  to  3 
inches  in  length  are  permissible  provided  they  do  not  impair, 
obscure,  or  reduce  visibility. 

The  total  number  of  optical  defects  for  the  applicable 
panel  size  and  thickness  shall  not  exceed  the  sum  of  the 
totals  permitted  by  specification  MIL-P-5425,  MIL-P-8184, 
MIL-P-25690,  MIL-G-35667,  or  MIL-P-83310  for  the  individ- 
ual glass  or  plastic  plies  plus  the  allowable  number  speci- 
fied in  Table  4-3  for  each  interlayer. 
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TABLE  4-3. 


ALLOWABLE  MINOR  DEFECTS  IN  EACH  INTERLAYER 


Area  of  Daylight  Opening 
(sq  ft) 


0.00  through  4.00 

4.01  through  6.00 

6.01  through  8.00 

8.01  through  10.00 

10.00  through  15.00 

15.01  through  20.00 
Over  20.00 


Maximum  Number  of  Minor  Defects  per 
0.120  Inch  or  Fraction  Thereof  in 
Interlayer  Thickness 


4 

6 

9 

12 

19 

26 

As  Specified 


Cracks 

Transparencies  that  are  designed  with  redundant  load  paths  or 
materials  that  possess  good  fracture  toughness  can  suffer  cracking 
and  still  maintain  structural  integrity.  In  such  cases,  the  de- 
cision to  abort  a mission  is  based  on  residual  visibility  through 
the  cracks,  assuming  that  the  fear  of  imminent  cave-in  does  not  take 
precedence. 

A sparse  crack  pattern  such  as  that  shown  in  Figure  4-10,  although 
disconcerting,  does  not  interfere  significantly  with  vision,  where- 
as a dense  pattern  similar  to  that  shown  in  Figure  4-11  can  obliterate 
visibility.  For  glass,  crack  density  is  a function  of  temper, 
thickness,  and  stress  intensity. 

The  effect  of  crack  density  is  illustrated  in  Figure  4-12,  where 
the  time  required  to  identify  figures  is  plotted  against  particle 
density.  From  this  data,  1,000  particles  per  square  foot  is  con- 
sidered a threshold  for  satisfactory  vision. 

The  angle  of  incidence  is  important  because,  as  the  angle  is  in- 
creased, the  spaces  between  the  cracks  are  reduced  and  more  of  the 
lines  of  sight  must  pass  through  the  edges  of  the  cracks,  which 
creates  prismatic  deviations  that  reduce  visibility.  This  effect 
is  illustrated  in  Figure  4-13. 

Reflections 

All  transparent  materials  reflect  light.  External  sun  reflections 
from  windows  create  glint  which  can  reveal  otherwise  undetected 
helicopters  to  enemy  forces  during  combat.  Internal  cockpit  re- 
flections are  distracting  to  flight  crews  and  can  hinder  safe 
fl  ight. 
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Figure  4-12.  Effect  of  Crack  Density  on  Visual  Response. 


In  bright  daylight,  windshield  and  window  reflections  are  rarely 
discernable  by  pilots.  However,  in  darkness,  when  the  intensity 
of  reflected  interior  lights  is  considerably  greater  than  the  in- 
tensity of  the  ambient  outside  light,  reflected  images  become 
visible. 

The  images  reflected  from  flat  transparencies  are  sharper  than  the 
images  reflected  from  curved  transparencies.  At  night  the  re- 
flected images  from  the  flat  panels  cause  difficulty  in  disting- 
uishing the  difference  between  real  and  reflected  objects. 

Reflections  of  interior  lights  can  be  prevented  by  suitable  shields 
or  by  orienting  transparencies  to  reflect  light  away  from  the  crew. 
These  concepts  are  illustrated  in  Figure  4-14  and  follow  from  the 
law  of  reflection,  which  states  that  the  angle  of  incidence  is 
equal  to  the  angle  of  reflection.  The  latter  technique  may  some- 
times create  a conflict  with  the  geometry  needed  to  reduce  ex- 
ternal glints,  and  trade-offs  may  be  required. 


Figure  4-14.  Transparency  Oriented  to  Reflect  Instrument  Lights  Away 
From  Rear  Pilot. 

Reflection  problems  due  to  interior  light  sources  are  normally 
resolved  during  lighting  mockup  studies. 

Exterior  light  sources  are  more  difficult  to  control  because  of- 
fending light  can  come  from  virtually  any  direction.  Figure  4-15 
shows  how  rays  of  light  from  an  exterior  source  below  the  heli- 
copter can  enter  through  one  window  and  reflect  off  another  into 
the  pilot's  eye.  The  pilot  would  not  necessarily  know  where  it 
was  coming  from,  since  the  light  would  appear  to  be  in  front  of  the 
windshield.  Night  curtains  are  one  means  of  preventing  distracting 
light  from  entering  cockpits  through  lower  windows,  but  this  method 
has  obvious  disadvantages  in  restricting  visibility.  Proper  win- 
dow placement  is  the  more  effective  method. 
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Figure  4-15.  Windshield  Reflections  From  Light  Entering  Cockpit 
Through  Lower  Window. 


Multiple  Images 


Multiple  images  are  another  type  of  distracting  reflection  that 
is  particularly  troublesome  at  night.  For  example,  if  a wind- 
shield design  is  prone  to  form  multiple  images,  a pilot  viewing 
runway  lights  through  it  at  night  will  have  difficulty  in  discer- 
ning the  real  lights  from  the  reflected  lights. 


The  phenomenon  occurs  because  some  light  is  always  reflected  from 
surfaces  separating  transparent  materials  of  dissimilar  indices 
of  refraction.  Thus,  for  the  monolithic  transparency  shown  in 
Figure  4-16,  there  are  two  surfaces  that  will  reflect  light.  For 
laminated  transparencies  containing  conductive  coatings,  there 
will  be  reflections  from  the  coating  as  well  as  the  inner  and  outer 
surfaces  (Figure  4-17). 
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Figure  4-16.  Multiple  Reflections  From  Monolithic  Transparency. 


Air 

N = 1.0 


Laminate 
N 1.1* 


: 1.0 


^£>  Eye 


Figure  4-17. 
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The  reflections  from  the  interface  between  interlayer  and  face  ply 
will  be  insignificant,  providing  the  indices  of  refraction  for  the 
two  materials  are  close  to  each  other. 

The  worst  multiple  images  occur  in  double-glazed  installations,  as 
shown  in  Figure  4-18.  Here,  the  air  gap  is  a major  source  of  the 
reflections  because  of  the  great  difference  in  index  of  refraction 
between  it  and  the  facing  and  the  large  distance  between  reflec- 
ting surfaces. 

Multiple  images  are  minimized  in  designs  having  low  angles  of  in- 
cidence and  short  distances  hetween  the  reflecting  surfaces. 


— ,fcc. 


Outer  Panel 


Figure  4-18.  The  Origin  of  Multiple  Reflections  in  Double  Glazing. 

4.10  Anti  reflective  Coatings 

Ar.ti reflective  coatings  conforming  to  specifications  MIL-C-675A 
and  MIL-C-1480A  are  used  in  optical  instruments,  cameras,  and 
instrument  cover  glasses  to  attenuate  unwanted  reflections.  Yet 
these  coatings  have  not  been  adapted  to  helicopter  transparencies 
despite  their  obvious  advantages.  Some  of  the  reasons  are  listed 
below: 

1.  Prohibitively  high  application  costs. 

2.  Easily  damaged  from  normal  maintenance  and  aggressive 
environments. 

3.  Blemishes  stand  out  on  such  coatings. 

4.  Application  of  MIL-SPEC  coating  requires  high  processing 
temperatures. 


An  understanding  of  the  fundamental  physics  of  thin  films  is  help- 
ful for  appreciating  the  delicacy  and  precision  required  by  this 
method  of  reducing  reflections. 


A thin  film  of  antireflective  coating  reduces  reflections  by  a 
mechanism  involving  the  destructive  interference  of  light  waves. 
In  Figure  4-19,  light  reflection  from  a thin  film  is  shown,  with 
dimensions  greatly  exaggerated  for  clarity.  Some  of  „he  incident 
light  is  reflected  from  the  surfaces  of  the  substrate  and  the 
coating  material.  In  order  to  have  the  two  reflections  cancel 
each  other,  the  light  waves  must  be  180°  out  of  phase  with  each 
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oilier.  This  will  occur  if  the 
Figure  4-19)  is  equal  to  a hal 
or  if  the  coating  thickness  is 
Visible  'light  has  wavelengths 
the  thickness  of  the  film  must 
be  anti  reflective.  It  should 
quarter  wave  coating  will  only 
wavelength;  at  a specific  angl 
which  it  is  applied. 


distance  along  the  path  ABC  (see 
f wavelength  of  the  incident  light 
approximately  one-quarter  wavelength, 
from  0.4  to  0.7  micron,  which  means 
be  in  t.he  order  of  0.1  micron  to 
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Figure  4-19.  Destructive  Interference  of  Reflected  Light. 

In  actual  practice,  an  anti  reflection  film  may  involve  several 
layers  of  coatings,  working  in  conjunction  with  each  other  to  pro- 
vide optimum  characteristics  for  a broader  spectrum  of  conditions. 
Figure  4-20  illustrates  a typical  reflectance  curve  for  a high- 
efficiency  antiglare  coating  that  was  evaluated  on  an  acrylic 
helicopter  windshield.  The  reflectance  values  in  the  curve  were 
measured  at  normal  incidence  and  may  be  compared  to  the  values 
of  uncoated  acrylic  and  electrical  conductive  coatings  which  have 
average  visible  light  reflectances  ranging  between  4%  and  15%. 

The  reflectance  from  each  surface  of  bare  acrylic  is  4%.  Figure 
4-21  shows  visible  light  reflectance  for  two  types  of  coat- 
ings as  a function  of  electrical  resistivity. 
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Figure  4-20.  Reflectance  Curve  of  a Typical  Anti  reflective  Coating. 
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Data  from  Ref.  5 

Figure  4-21.  Visible  Light  Reflectance  versus  Resistivity  of 
Sierracote  Metallic  Coatings. 

4.11  Head-Up  Display 

Head-Up  Display  (HUD)  systems  used  for  target  acquisition  and 
tracking  require  that  associated  transparencies  be  of  superior 
optical  quality  in  order  to  minimize  sighting  errors  and  related 
problems.  This  requirement  is  applicable  to  the  following  types 
of  HUD  systems  used  on  helicopters:  fixed  HUD  as  snown  in  Figure 
4-22  or  movable  HUD  (helmet  mounted)  as  shown  in  Figure  4-23. 

The  fixed  HUD  contains  a transparent  plate  onto  which  symbology 
and/or  a reticle  is  projected.  The  reticle  is  normally  collimated 
so  that  it  appears  to  be  at  an  infinite  distance.  Sighting  is  accom- 
plished by  viewing  the  target,  through  the  reticle. 

Movable  helmet-mounted  HUDs  are  typically  used  for  missile  guid- 
ance and  control  of  slewable  gun  turrets.  Sighting  is  accomplished 
in  two  ways:  (1)  direct  vision  through  a collimated  reticle  pro- 
jected onto  a transparent  helmet-mounted  display,  or  (2)  direct 
vision  used  in  conjunction  with  imagery  obtained  from  a remote 
TV  camera  and  projected  onto  the  helmet  display. 
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Common  to  al i of  the  preceding  systems  is  the  ability  of  the 
pilot  or  gunner  to  look  through  the  display  and  see  the  actual 
scene  or  target  in  full  view.  Thus,  the  optical  path  from  the 
target  through  the  HUD  to  the  eye  must  also  pass  through  a wind- 
shield or  other  transparency  and  can  be  affected  by  transparency 
curvature  or  wedginess. 

4.11.1  Effects  of  Optical  Deviation  on  HUD  System 

In  order  to  achieve  a given  accuracy  with  a weapon  system,  toler- 
ances or  allowances  must  be  established  for  all  variables  within 
the  system.  One  of  the  most  important  variables  is  optical  de- 
viation of  vision  in  that  portion  of  a transparency  falling 
within  the  zone  scanned  by  the  sighting  reticle.  This  optical 
deviation  in  line  of  sight  will  cause  targets  to  appear  displaced 
from  their  true  positions  as  shown  in  Figure  4-24.  To  emphasize 
the  consequence  of  such  errors,  a deviation  of  10  minutes  of  an 
arc  is  equivalent  to  an  apparent  target  shift  of  9 feet  at  a 
range  of  1,000  yards,  which  is  certain  to  reduce  the  probability 
of  hitting  the  target. 


Target 


Figure  4-24.  Target  Displacment  Resulting  From  Optical  Deviation. 
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Some  deviation  can  be  tolerated  in  systems  using  a fixed  HUD  by 
boresighting  the  weapon  or  by  optical  compensation  within  the  HUD. 
However,  the  optical  deviations  of  the  lines  of  sight  for  a movable 
HUD  scanning  through  a curved  transparency  vary  depending  upon  the 
direction  the  HUD  is  aimed  (see  Figure  4-25).  These  deviations  can- 
not be  effectively  nulled  except  by  locating  the  gunner's  eye  at  the 
center  of  curvature  so  that  all  lines  of  sight  are  along  radii,  and, 
therefore,  are  perpendicular  to  the  surface. 


Figure  4-25.  Deviation  is  a Function  of  Direction  for  a Curved 
Transparency. 

Any  changes  of  deviation  introduce  another  undesirable  effect: 
binocular  parallax.  The  visual  effects  of  this  are  shown  in 
Figure  4-26.  In  this  figure,  the  eyes  must  align  their  optical  axes 
in  order  to  view  an  outside  object  normally.  The  pilot  readily 
adapts  to  small  magnitudes  of  misalignment  or  parallax  (1~5  mr) 
and  observes  a high  acuity  target  image.  The  unacceptable  situation 
arises  when  an  aiming  reticle  is  introduced.  Reticles  are  normally 
collimated  so  that  they  appear  to  be  at  an  infinite  distance.  With 
this  kind  of  collimation,  all  rays  originating  from  any  point  on  the 
reticle  are  parallel  and  will  enter  each  eye  from  the  same  di- 
rection (dotted  lines  in  Figure  4-26). 
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Figure  4-26.  Lines  of  Sight  Through  a Curved  Windshield. 

If  one  considers  the  combined  reticle/target  image  on  the  retina  of 
each  eye,  the  situation  shown  in  Figure  4-27  is  observed.  The  right 
aye  sees  the  target  properly  centered  within  the  reticle  while  the 
left  eye  sees  the  reticle  well  to  the  left  of  the  target.  The 
brain  will  interpret  this  situation  in  either  of  two  ways.  It  will 
either  adjust  the  eyes  to  bring  the  reticles  in  coincidence  and 
see  two  targets,  or  it  will  do  the  converse,  causing  one  target  to 
be  seen  with  two  reticles.  These  two  conditions  are  shown  in 
Figure  4-27. 

The  brain  will  normally  cause  the  image  with  the  most  spatial  detail 
to  be  brought  into  registration;  i.e.,  one  target  and  two  reticles. 
When  the  reticle  appears  by  itself,  such  as  against  the  sky,  it 
is  brought  into  registration,  but  the  moment  anything  with  more 
spatial  detail  appears,  the  eyes  will  shift  to  favor  the  target. 

This  shifting  of  eye  alignment  is  distracting  and  fatiguing,  and 
can  cause  errors  in  target  acquisition. 


74 


The  Eyes 
See  This 


> 


The  Brain 
Sees  Either 


Figure  4-27.  The  Visual  Parallax  Problem. 


4.12  Analysis  of  Optical  Deviation 

Optical  deviation  is  caused  by  transparency  curvature  or  wedginess. 
The  deviation  resulting  from  curvature  is  fixed  by  the  transparency 
configuration  (geometry  and  thickness)  and  will  always  be  present 
regardless  of  the  optical  quality  of  the  part.  Deviation  resulting 
from  transparency  wedginess  is  a function  of  manufacturing  quality 
and  is  algebraically  additive  to  values  resulting  from  curvature. 
Thus,  deviation  in  a flat  panel  is  solely  based  on  manufacturing 
tolerances,  whereas  a curved  panel  has,  in  addition,  an  increment 
of  deviation  that  is  a function  of  shape,  thickness,  and  angle 
of  incidence. 


For  a curved  panel,  the  fixed  component  of  deviation  can  be  deter- 
mined analytically.  Analysis  is  necessary  for  two  reasons: 

(1)  to  determine  quality  control  standards  that  are  achievable 
(i.e.,  deviations  not  less  than  the  amount  fixed  by  curvature)  and 

(2)  to  determine  optimum  sight  positions  and  windshield  shapes. 

The  latter  reason  dictates  that  the  analysis  be  performed  early 
in  the  design  stages,  since  aircraft  shape  and  crew  placement 
are  difficult  to  change  later. 
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Expressions  for  calculating  deviation  are  based  on  the  law  of  re- 
fraction, presented  here  as  equation  4-1. 


in  9=  f^sin  0 


(4-1) 


where  N is  the  index  of  refraction,  and  the  angles  are  as  defined 
in  Figure  4-28. 
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Figure  4-28.  Refraction  of  Light. 

For  air,  N is  equal  to  one. 

Equation  4-2  can  be  used  to  calculate  the  deviation  in  line  of 
sight  through  a cylindrically  curved  transparent  panel  of  uniform 
thickness. 
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f = e - si 


where  N is  the  index  of  refracion,  and  the  remaining  symbols  are  as 
defined  in  Figure  4-29.  Equation  4-2  is  valid  only  for  panels 
where  the  cross  section  is  circular  in  a plane,  perpendicular  to 
the  line  of  sight.  For  three-dimensional  problems  where  lines 
of  sight  do  not  intersect  circular  cross  sections,  similar  equations 
may  be  derived;  however,  the  task  is  more  efficiently  accomplished 
with  the  aid  of  a computer. 
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RADAR  CROSS  SECTION  REDUCTION 


Glass  and  plastic  cockpit  enclosures  are  transparent  to  microwave  energy, 
thereby  allowing  the  flat  metal  surfaces  inside  the  cockpit  to  become 
a major  source  of  radar  reflection.  If  the  radar  beam  can  be  prevented 
from  entering  the  cockpit,  the  nose-on  radar  cross  section  (RCS)  can  be 
greatly  reduced.  This  may  be  accomplished  by  reflection  or  absorption. 

5. 1 Reflection 

RCS  will  be  reduced  if  the  radar  beam  is  reflected  in  a direct-.  oner 
than  back  tc  the  radar  antenna.  This  can  be  best  accomplished 
sloping  the  transparencies  at  an  angle  other  than  normal  to  the  radar, 
and  adding  a conductive  medium  that  will  reflect  the  radar  beam.  Trans- 
parent, electrically  conductive  thin  films  and  wire  meshes  are  suitable 
for  this  purpose.  However,  if  the  transparency  is  likely  to  become 
oriented  perpendicular  to  the  radar  beam  as  a result  of  aircraft  at- 
titude, it  will  give  a strong  return  to  the  radar  receiver.  Under  such 
conditions,  the  echo  from  a transparency  with  double  curvature  will  be 
less  than  the  echo  from  a flat  panel  of  equivalent  area. 

Conducting  films  on  aircraft  windshields  are  also  used  for  anti -icing 
by  passing  an  electrical  current  throught  the  film  to  heat  the  glass 
or  plastic.  These  conductive  films  can  be  designed  to  serve  a dual 
purpose:  reflecting  radar  and  heating.  In  such  cases,  three  factors 
are  involved  in  determining  the  resistivity  of  the  films:  light 
transmission,  radar  reflectance,  and  power  dissipation. 

Special  considerations  are  required  for  three-phase  electrical  systems. 
Three-phase,  alternating-current  electrical  systems  use  deletion  lines 
to  divide  the  heating  film  into  sections.  These  deletion  lines,  which 
are  narrow  uncoated  strips,  can  increase  the  RCS  by  allowing  the  radar 
to  enter  the  cockpit  and  should  be  evaluated  accordingly. 

5.2  Radar  Reflecting  Properties  of  Transparent  Materials 

To  obtain  radar  reflections  of  90%  or  more,  it  is  necessary  for  the 
surface  resistance  of  the  conducting  film  to  be  10  ohms  per  square 
or  less.  With  film  on  the  interior  side  of  the  transparency,  some  of 
the  radar  energy  is  absorbed,  due  to  cancellation  effects,  at  or  near  a 
resonant  frequency,  depending  on  the  thickness  of  the  transparency. 

This  may  permit  the  use  of  thinner  films  with  greater  light  transmis- 
sions. Wire  grid  samples  (.002-inch  copper  spaced  at  .100  inch)  were 
found  to  have  radar  reflection  characteristics  equivalent  to  coated 
samples  but  with  higher  light  transmission  (Reference  1). 

f'easuremtnts  of  the  radar  reflection  characteristics  of  thin  conduct- 
ing films  are  shown  in  Table  5-1  as  attenuation  factors,  K . This  data 
was  obtained  as  follows:  The  radar  echo  from  a 12  in.  flat  metal 
plate  aligned  normal  to  radar  beams  of  various  frequencies  was  measured, 
and  the  power  received  from  the  metal  p'.ate  was  designated  P . The 
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echos  received  from  glass  samples,  also  12  in  , with  conducting  films 
applied  were  measured,  and  the  power  received  from  the  glass  sample  was 
designated  P..  The  ratio  Pi/Pm  is  given  in  decibels,  so  that* 

Kr  = 10  Log  (Pi/Pm) 

* ' The  relationship  between  K and  percent  reflectance  is  shown  in  Figure 


TABLE  5-1.  RADAR  ATTENUATION  CHARACTERISTICS  OF  TRANSPARENT  MATERIALS 


Radar  Frequency 


1/4- inch  plain  glass 


K ( db  down  from  12- in"  metal  plated- 


3 GHz  4.5  GHz  8 GHz 


10  GHz 

TT 


Tin-oxide  coat,  glass 
side  exposed,  @ 


10  ohms/square 

0.5 

0.5 

0 

0.75 

20  ohms/square 

0.75 

1.25 

2.0 

1.25 

30  ohms/square 

1.5 

1.5 

2.0 

2.5 

50  ohms/square 

1.25 

1.5 

3.5 

3.0 

.002- inch  copper  wire 
grid  0.10-inch  spacing,  on 
one  side  of  1/4-inch  glass, 
glass  side  exposed 

1.0 

1.75 

2.5 

2.25 

0.005- inch  wire  grid 
between  two  1/4- inch 
glass  plates  with  1/16- inch 
spacing 

2.0 

1.  ; 

0.25 

1.0 

0.002- inch  wire  grid 
between  two  1/3- inch 
glass  plates  with  .10-inch 
spacing 

1.0 

5.0 

6.25 

1.75 

Data  from  Ref.  1. 
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5.3  Absorption 


RCS  reduction  through  absorption  would  be  possible  if  a material 
could  be  developed  which  is  transparent  to  light  and  absorbs  radar 
frequencies.  This  idea  has  been  investigated  by  Dawson  (Reference  2). 
It  involved  using  a double-walled  canopy  with  a suitable  liquid  placed 
between  the  walls  to  absorb  radar  energy.  Another  technique  involves 
matching  the  impedance  of  a dielectric  layer  and  conductive  thin  film 
to  that  of  free  space,  which  reduces  the  reflections. 
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EGRESS  REQUIREMENTS 


Jettisonable  hatches  are  required  for  emergency  egress  by  the  flight 
crew  and  occupants  of  helicopters.  A logical  location  for  such  hatches 
is  in  the  transparent  enclosure,  since  it  is  secondary  structure.  This 
eliminates  the  need  for  additional  cuuouts  in  the  primary  structure. 

Two  basic  egress  systems  are  discussed  below:  mechanical  and  pyrotechnic. 

6. 1 Mechanical  Systems 

Mechanically  operated  escape  hatches  typically  contain  windows  mounted 
to  rigid  frames  which  contain  jettison  features.  The  transparency 
interface  for  this  type  of  hatch  is  limited  to  the  mounting  of  the 
transparency  to  its  frame,  and  is  discussed  more  fully  in  Chapter  22, 
Transparency  Supports,  and  Chapter  23,  Edge  Attachments.  Additional 
guidance  relative  to  size,  placement,  and  operational  requirements 
may  be  found  in  Reference  1. 

Rubber  extrusion  mountings  as  shown  in  Figure  6-1  sometimes  permit  fixed 
windows  to  become  "kickout"  emergency  exits.  That  is.  when  the  rubber 
extrusion  does  not  have  to  support  the  more  than  about  100  pounds 
total  load,  a sharp  blow  at  an  edge  or  corner  of  the  window  can  be 
used  to  disengage  the  window  from  the  extrusion.  Accurate  knowledge 
of  the  applied  loads  and  the  control  of  the  retention  force  is  extremely 
critical  because,  if  retention  forces  become  too  great,  the  panel 
cannot  be  physically  kicked  out.  "Kickout"  windows  can  only  be  con- 
sidered a backup  for  emergency  exits.  They  should  not  be  considered 
for  primary  emergency  exits  because  they  require  physical  force  for 
operation,  which  bars  their  use  by  incapacitated  personnel.  Additional 
information  on  rubber  extrusion  is  contained  in  Chapter  23,  Edge 
Attachments.  ^ 


Rubber  Mounting- 


Figure  6-1.  Separable  Rubber  Extrusion  Mounting. 
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6. 2 Pyrotechnic  Systems 

Cutting  transparent  enclosures  by  means  of  linear  explosive  charges 
is  a relatively  new  method  for  the  rapid  removal  of  transparencies 
in  emergency  situations.  Explosive  cutting  systems,  unlike  mechanical 
release  systems,  cannot  be  jammed  as  a result  of  postcrash  fuselage 
distortions.  Figure  6-2  illustrates  the  concept  and  shows  a test 
firing  of  an  AH- 1 Cobra  escape  system. 


Figure  6-2.  Test  Firing  of  an  AH- 1 Cobra  Escape  System. 


In  its  simplest  form  an  explosive  cutting  system  consists  of  a loop  of  a 
linear  explosive  charge  placed  along  the  perimeter  cf  a transparency  and 
connected  to  a suitable  detonating  device,  a linear  explosive  is  a con- 
tinuous, small-diameter  column  of  explosive  charge.  The  explosive  used 
is  not  dimensionally  stable  in  its  high-purity  linear  form,  and  it  is 
normally  surrounded  by  a sheath,  which  may  be  metal,  plastic,  or  woven  tex- 
tile filaments.  The  explosive  reaction  occurs  at  a rate  of  20,000  ft/sec 
or  greater. 

By  placing  the  explosive  cord  in  direct  contact  with  the  surface  to  be  cut, 
a crack  is  induced  during  detonation.  The  explosive  force  transfers  mo- 
mentum to  the  crack,  causing  it  to  propagate  through  the  material  as  shown 
in  Figure  6-3.  Since  this  mechanism  depends  on  transverse  crack  propa- 
gation through  the  material,  the  cut  will  follow  the  internal  stress  planes 
of  the  material.  For  stretched  acrylic,  it  is  common  to  see  sharp-edged 
cuts  with  the  surface  of  the  cuts  inclined  30°  to  the  plane  of  the  material. 

The  basic  design  goal  of  an  explosive  cutting  system  is  to  insure  reliable 
cutting  capability  with  a minimum  charge  level.  Minimum  charge  level  will 
facilitate  containment  of  blast  effects  and  shrapnel;  however,  a slight 
"overkill11  should  be  provided  to  accommodate  normal  manufacturing  tolerance. 

Monolithic  and  laminated  plastics  in  the  thicknesses  normally  used  for 
helicopter  transparent  enclosures  may  be  cut  with  linear  explosive  charges. 
These  materials  can  be  classified  as  either  shock  sensitive  or  shock 
resistant.  Acrylic  is  shock  sensitive  and  can  be  cut  with  a mild  detonation 
fuse  held  in  contact  with  the  surface  of  the  panel.  Polycarbonate  is  ex- 
tremely shock  resistant  and  must  be  cut  with  special  linear  shaped  charges. 
The  linear  shaped  charge  is  geometrically  configured  to  concentrate  the 
blast  effect  and  has  greater  cutting  capacity. 

Interlayers  used  in  laminated  transparencies  are  highly  shock  resistant 
and  can  effectively  isolate  the  outer  ply  of  the  laminate  from  the  blast 
shock.  Even  if  the  explosive  charge  is  placed  near  the  edge  so  that  the 
shock  would  be  transmitted  through  the  edge  member  to  fracture  the  outer 
ply,  the  interlayer  would  remain  intact,  as  shown  in  Figure  6-4.  For 
this  reason,  it  is  preferable  to  sever  the  edge  members  to  avoid  the 
interlayer  altogether. 

The  cutting  system  can  be  designed  so  that  both  ends  of  the  explosive 
charge  terminate  at  a single  point.  Thus,  detonation  occurs  at  both 
ends  of  the  charge  simultaneously,  thereby  providing  inherent  redundancy. 
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6-3.  Cutting  Sequence  for  Linear  Explosive  Charges. 
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Figure  6-4.  Explosive  Cutting  of  Laminated  Transparencies. 


6. 3 Containment  of  Explosive  Charge 

A linear  explosive  charge  for  cutting  applications  is  held  rigidly 
in  place  by  a holder,  which  is  alternately  referred  to  as  a blast 
retainer,  charge  holder,  or  backup  strip.  The  holder  has  three  pur- 
poses: to  protect  the  explosive  charge  from  physical  damage,  to  hold 
the  charge  in  the  proper  position,  and  to  contain  the  back  blast  and 
shrapnel . 

The  normal  procedure  is  to  attenuate  the  blast  with  a compressible 
material  such  as  silicone  rubber.  An  extruded  strip  is  designed  to 
hold  the  charge,  position  it  with  respect  to  the  surface,  and  seal  it 
from  moisture.  Ihe  thickness  and  shape  of  the  extrusion  are  determined 
by  the  charge  level  and  type  of  explosive  clement.  The  extruded  strip 
and  explosive  element  are  fitted  into  a rigid  holder,  which  is  pre- 
formed to  the  required  panel  configuration.  The  holder  may  be  aluminum, 
steel,  or  any  of  the  shock-resistant  plastic  constructions  used  for 
edge  members.  While  the  physical  size  of  the  explosive  charge  rarely 
exceeds  .250  inch  for  transparency  cutting,  the  holder  is  normally  fit 
least  1 inch  in  width;  the  holder  is  the  element  of  the  system  that 
reduces  the  visible  area  of  the  transparent  panel.  Therefore,  it 
is  highly  desirable  to  hide  as  much  of  the  holder  as  possible  behind 
the  edge  member,  or  better  yet,  to  integrate  it  directly  into  the 
edging  design. 

The  combination  of  the  linear  explosive,  blast  attenuator,  and  charge 
holder  is  called  a cutting  assembly.  Figure  6-5  shows  the  cutting 
assembly  installation  used  on  the  Sikorsky  S-72  helicopter.  This 
installation  uses  a 3-grain/foot  charge  and  weighs  slightly  more  than 
0.2  pound  per  linear  foot. 
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Figure  6-5.  Sikorsky  S-72  Cutting  Assembly. 


6.4  Ballistic  Initiation 

In  the  interest  of  design  simplicity  and  reliability,  mechanically 
operated  detonators  are  preferred  to  electrical  devices.  Electrical 
devices  are  unfavorable  because  they  require  a power  source  inde- 
pendent of  the  aircraft  electrical  system  to  insure  function  after 
a crash,  and  they  require  special  shielding  and  safety  features 
to  prevent  unintentional  triggering  from  electromagnetic  sources. 

If  the  detonating  device  is  remote  from  the  transparency,  explosive 
transfer  lines  are  used  to  interconnect  the  detonator  with  the 
explosive  charge.  Detonators  may  be  installed  at  crew  stations  and 
on  the  outside  of  the  aircraft  for  postcrash  rescue.  When  external 
detonators  are  employed,  they  should  be  placed  away  from  the  trans- 
parency to  prevent  fragments  from  the  shattered  transparency  from 
injuring  rescue  personnel. 

6. 5 System  Safety 

As  with  any  explosive  device,  system  safety  is  of  paramount  importance. 
For  this  reason,  development  testing  is  required  to  verify  performance 
and  also  to  insure  operator  safety.  The  following  elements  of  safety 
must  be  demonstrated  for  each  new  design  application: 

1.  Preclusion  of  inadvertent  firing 

2.  Noninjurious  noise  level 

3.  Containment  of  explosive  effects 

4.  Nontoxic  e^losive  by-products 

5.  Ejection  of  debris  away  from  occupants 

6.  Prevention  of  jagged,  snarp  edges  that  could  cause  injury  during 

egress. 
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Current  operational  doctrine  for  Army  helicopters  specifies  nap-of- 
the-earth  (NOE)  flight  in  a combat  area  with  the  intent  of  preserving 
a complete  radar  and  visual  mask  between  the  target  and  the  helicopter. 
The  aural  signature  is  behind  mask  at  standoff  range,  and  the  ambient 
noise  lave!  at. the. observer, location  in  a tank-versus-hel icopter 
situation  makes  aural  detection  unlikely.  Radar  is  ineffective  when-  • 
the  aircraft  remains  behind  mask  or  within  ground  clutter,  and 
moving-target  fire-control  radar  is  used  reluctantly  for  fear  of  ex- 
posing the  user's  location.  After  arriving  at  the  target  area, 
tactics  call  for  the  scout  or  the  attack  helicopter  to  popup,  re- 
taining a terrain  background,  and  to  acquire  the  target.  The  heli- 
copter becomes  most  vulnerable  when  line  of  sight  with  the  target 
is  established.  The  key  to  increased  survivability  lies  in  denying 
or  delaying  visual  detection  of  the  helicopter  by  the  ground  observer 
when  the  line-of-sight  condition  is  reached. 

Sun  glint,  or  reflection,  from  the  transparent  enclosure  is  one  of  the 
most  frequently  cited  visual  cues  used  by  ground  observers  for  detect- 
ing low-flying  helicopters,  especially  at  ranges  beyond  1 kilometer. 
This  section  provides  engineering  information  (design  and  analytical) 
which  can  be  used  to  minimize  the  glint  signatures  of  transparent 
enclosures. 

7. 1 Zone  of  Interest 

The  zone  in  which  glints  are  of  interest  is  shown  in  Figure  7-1.  The 
ground  region  is  shaded  and  includes  all  areas  beyond  a ground  range 
of  1 kilometer,  since  within  tne  1 kilometer  range  the  helicopter 
is  generally  visible  to  the  naked  eye  without  the  aid  of  glint.  The 
altitude  is  assumed  to  be  100  feet  since  NOE  tactics  call  for  the 
helicopter  to  be  as  close  to  the  terrain  as  possible  except  for  pop-up 
manuevers  during  engagement  of  the  enemy  and  not  to  present  a silhouette 
against  the  sky. 

The  zone  of  interest  can  be  related  to  the  helicopter  as  a region 
contained  between  angles  of  90°  and  91.75°  subtended  from  and 
revolved  about  the  helicopter's  vertical  axis,  .pis  shown  in  Figure  7-2. 
However,  this  zone  should  be  expanded  by  about  - 10  degrees  to  ac- 
commodate uneven  terrain.  In  addition,  aircraft  attitude  changes  in 
pitch  and  rol ! must  also  be  considered. 
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1 Kilometer 


2 Sun  Positions 


The  sun  positions  of  interest  are  dependent  upon  geographic  location. 
Table  7-1  shows  the  percentage  of  time  that  the  sun  spends  at  different 
elevations  between  the  latitudes  of  20°  and  60°  north.  For  this 
geographic  region,  sun.  elevations  from  0°  tc  65°  would  be  of  primary 
interest  since  sun  elevations  above  65°  occur  less  than  4%  of  the  time. 
Sun  azimuth  positions  are  random  since  the  helicopter  can  be  oriented 
in  any  direction. 

TABLE  7-1.  SUN  ELEVATION  OCCURRENCE  FOR  20°  to  60°  f ORTH 
LATITUDE  LOCATIONS 

Sun  Elevations 

(Degrees)  Percentage  of  Occurrence 


0 - 5 

8.78 

5 -10 

9.28 

10  -15 

9.22 

15  -20 

9.04 

20  -25 

8.77 

25  -30 

8.43 

30  -35 

8.01 

35  -40 

7.52 

40  -45 

5.95 

45  -50 

6.29 

50  -55 

5.05 

55  -60 

3. 9c 

50  -65 

3.04 

65  -70 

2.26 

70  -75 

1.59 

75  -80 

1.03 

80  -85 

.58 

85  -90 

.20 

Data  from  Reference  1 


3 Glint  Detection 


An  awareness  of  the  factors  controlling  visual  detection  of  objects  is 
necessary  to  enable  engineers  to  analyze  and  design  low-glint  heli- 
copters. The  basic  parameters  that  govern  whether  or  not  a stationary 
object  can  be  seen  are: 

Target  size 
Target  distance 
Background  illumination 
Brightness  contrast 
Atmospheric  attenuation 

Foveal  and  peripheral  visual  perception  of  the  observer 
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These  parameters  are  related  in  a nonlinear  manner,  as  shev:  in  Figure  7-3. 
Target  size  and  distance  to  target  are  coupled  in  the  figure  by  presenting 
the  visual  angle  subtended  from  the  observer's  eye  to  the  extremities  of  the 
target.  The  curves  show  that,  for  a given  target  size,  the  background  il- 
lumination required  for  detection  increases  as  the  contrast  ratio  decreases. 
Contrast  ratio  is  expressed  as  a percentage  and  is  equal  to  A B/B  X 100, 
where  A B is  the  difference  in  illuminance  between  target  and  background, 
and  B is  the  illuminance  of  the  background.  The  contrast  ratio  is  also 
subject  to  atmospheric  attenuation.  This  attenuation  can  be  related  to 
the  meteorological  visibility  by  the  following  expression  obtained  from 
Ref.  6: 


-3.912R/V 

C.  = ce 
A 

where  C = attenuated  contrast  ratio  (a) 

A 

c = inherent  contrast  ratio  (Z) 

R = range  to  target  (miles) 

V = meteorological  visibility  (miles) 

To  provide  a perspective  on  the  range  of  conditions  possible.  Figure  7-4 
shows  luminance  for  various  conditions  of  natural  illumination. 


Log  Backup -curd  Luminance 
in  Mill  Humberts 

Data  From  Ref.  2 

Figure  7-3.  Contrast  Discrimination  Curve. 
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7.4  Sun  Glint 


The  sun  can  be  10  times  brighter  than  the  surrounding  sky  and  100  times 
brighter  than  surrounding  terrain.  When  even  a small  percentage  of 
this  sun  brightness  is  reflected  by  a transparency,  it  is  brighter  than 
anything  else  on  the  horizon  and  deserves  primary  consideration  when 
evaluating  glint.  The  brightness  of  the  sun  is  dependent  upon  geo- 
graphic position,  time  of  day,  season  of  year,  and  local  weather  con- 
ditions. Likewise,  background  illumination  depends  additionally  on  the 
reflectance  of  the  background  medium,  which  can  be  sky,  snow,  trees, 
rock,  etc. , and  the  presence  or  absence  of  shadows  from  topography  or 
clouds. 

7. 5 Glint  Signature 

Sun  glints  obey  Snell's  law  of  reflection,  which  provides  that  the  angle 
of  incidence  is  equal  to  the  angle  of  reflection.  Thus,  if  the  observer 
and  the  sun  are  located  so  that  the  line  of  sight  from  each  to  the  sur- 
face in  .question  is  at  the  same  angle  to  the  surface  but  on  opposite 
sides  of  the  normal,  the  observer  will  see  the  reflection  of  the  sun 
on  the  surface  (see  Figure  7-5).  This  is  called  specular  reflection, 
and  in  the  case  of  glass  or  transparent  plastic,  the  amount  of  light 
reflected  is  a function  of  angle  of  incidence.  For  example,  at  normal 
incidence,  approximately  4%  of  the  incident  light  is  reflected,  whereas 
at  80°  obliquity  approximately  25%  of  the  incident  light  is  reflected. 

The  sun  subtends  a visual  angle  of  1/2°  to  the  earth.  This  means  that 
for  ranges  where  glint  is  of  interest,  i.e.,  greater  than  1 kilometer, 
the  sun  will  appear  larger  than  most  helicopter  transparencies,  and 
its  reflection  will  appear  to  cover  the  entire  surface  of  the  trans- 
parency, providing  it  is  flat,  as  shown  in  Figure  7-6. 


Observer 


0 = 0 


Figure  7-5.  Snell's  Law  of  Reflection. 
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Figure  7-6.  Visual  Angle  to  Transparency  and  Sun. 

In  the  case  of  curved  reflecting  surfaces,  the  glint  signature  is  dis- 
persed over  a wider  angle,  as  shown  in  Figure  7-7.  However,  only  a 
portion  of  the  curved  transparency  is  effective  in  reflecting  the  sun's 
rays  to  an  observer,  and  most  of  the  light  is  scattered  away  from  the 
observer.  The  size  of  this  effective  area  is  limited  such  that  the 
visual  angle  from  the  transparency  to  the  sun  cannot  exceed  1/2° 

(see  Figure  7-3). 

7.6  Glint  Signature  Evaluation 

Glint  signatures  from  helicopter  transparencies  can  bo  determined  ex- 
perimentally or  analytically.  In  the  experimental  technique,  the 
following  method  may  be  used. 

7. 6. 1 Experimental  Glint  Signature  Determination 

Determination  of  canopy  sun-glint  signatures  is  performed  using  a 
scale  model  of  the  aircraft  being  studied,  a simulated  sun  source, 
and  provisions  for  observing  and  recording  glint  patterns.  A typical 
test  facility,  shown  in  Figure  7-9,  contains  these  necessary  elements: 

Aircraft  model  . Viewing- screen  support 

Model -mounting  fixture  . Sun  simulator 

Translucent  viewing  screen  . Sun-simulator  support 

Construction  details  are  described  in  Reference  3. 
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Figure  7-7.  Sun  Reflections  From  Surfaces  of  Different  Curvature. 
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1/2  Max  Angle  to  Sun 
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Figure  7-8.  Effective  Area  of  Reflection  for  Curved  Transparencies. 


Sun  Simulator 


;or  Translucent  Viewing  Screen 

1/2°  Angle  Subtended 

To  Model  , / 
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Figure  7-9.  Test  Setup  for  Determining  Canopy  Sun-61 int  Signature. 
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7.6. 1.1  Experimental  Procedure 

The  model  is  mounted  with  the  center  of  gravity  of  the  aircraft 
on- the  nominal  rotation  axis  of  the  mounting  fixture.  The  model 
is  raised  or  lowered  until  the  centerline  of  the  sun-simulator 
axis  at  an  elevation  angle  of  0 degrees  passes  through  the  nominal 
eye  level  of  a pilot  seated  within  the  aircraft.  This  position  is 
marked  as  the  0-degree  line  on  the  viewing  screen.  The  sun  simu- 
lator is  then  positioned  at  the  desired  test  elevation  angle.  The 
aircraft  is  positioned  with  its  nose  pointed  at  the  sun  simulator 
and  its  waterline  parallel  to  the  viewing  screen  support  base. 

The  room  lights  are  extinguished  to  improve  visibility,  and  all 
glints  visible  on  the  viewing  screen  are  outlined  with  a marking 
pen.  The  model  is  then  rotated  to  the  right  20  degrees  and  the 
glint-outlining  process  is  repeated.  The  sequence  of  rotating 
the  model  20  degrees  and  marking  sun  glints  is  repeated  until  the 
model  has  completed  360  degrees  of  rotation.  For  aicraft  that 
possess  left-right,  symmetry,  a 180-degree  rotation  of  the  model 
is  sufficient.  For  other  sun-elevation  angles,  the  screen  is 
replaced,  the  sun-elevation  angle  is  changed,  and  the  procedure 
is  repeated. 

7.6. 1.2  Display  Format 

Figure  7-10  is  a top  view  of  the  test  setup  shown  in  Figure  7-9. 

As  indicated,  the  sun  is  fixed  and  always  located  along  the 
0-degree  azimuth.  Any  observer's  position  can  then  be  defined 
uniquely  in  terms  of  an  azimuth  and  elevation  measured  relative  t.o 
the  aircraft's  rotational  axis  and  referenced  to  the  sun's  position. 
Aircraft  headings  are  also  referenced  to  the  sun's  direction  and  are 
measured  positive  to  the  right.  If  canopy  sun  glints  are  marked 
on  the  screen,  then  the  outlines  of  the  sun  glints  on  the  screen 
define  the  azimuths  and  elevations  where  sun  glints  can  be  seen 
for  each  aircraft  heading.  If  the  viewing  screen  is  opened  at  the 
180-degree  azimuth  and  flattened  with  the  outside  of  the  screen 
face  up,  there  is  a panoramic  display  of  the  sun  glints  produced 
by  the  aircraft  for  the  set  of  heading  angles  selected.  This  dis- 
play defines  all  possible  observer  locations  where  sun  glint  may 
be  seen.  By  specifying  the  markings  on  the  flattened  viewing 
screen,  a standard  display  format  for  test  data  can  be  obtained. 
Figure  7-11  is  a standard  display  developed  in  just  this  way 
which  contains  the  following  elements: 

A.  Sun-elevation  angle  and  aircraft  pitch  and  roll  attitude. 


B.  Scale  ranging  from  0 to  -180  and  0 to  180  degrees  of  azimuth 
referenced  to  the  direction  of  the  sun.  The  display  is  viewed 
as  an  opened  right  circular  cylinder  with  0 degrees  being  in 
the  direction  of  the  sun  and  the  angles  increasing  positively 
to  the  right  and  negatively  to  the  lc/  as  seen  from  the  in- 
side of  the  cylinder.  The  cylinder  a.-  j vertical. 

C.  Analyst-specified  band  of  potential  observer  elevations 
with  respect  to  the  aircraft. 

D.  Canopy  sun-glint  signatures,  together  with  the  aircraft 
heading,  with  respect  to  the  sun  that  produced  them.  If 
the  canopy  sun-glint  signature  is  so  extensive  that  ro- 
tating the  aircraft  causes  considerable  overlapping,  a 
single  heading  may  be  selected  for  each  display. 


7. 6. 1.3  Probability  of  Sun  Glint 

For  each  display,  the  probability  of  a glint  existing  within  the 
observer  elevation  bai.d  may  be  computed.  The  probability  of  glint 
is  defined  as  the  fraction  of  the  panorama  between  the  upper  and 
lower  observer  elevation  limits  that  is  swept  by  the  canopy  sun 
glint  as  the  aircraft  is  rotated  360  degrees  in  heading.  Measure- 
ments of  the  extents  of  glints  are  made  in  degrees,  using  the  sun 
as  the  reference  point  (0°).  A swept  area  is  counted  only  once. 

For  example,  if  the  area  between  60  degrees  and  90  degrees  with 
respect  to  the  sun  and  0 degrees  and  10  degrees  of  observer  ele- 
vation angle  is  the  position  of  a glint  when  the  aircraft  is 
heading  at  either  20  degrees  or  340  degrees,  the  fact  that  there 
is  an  overlap  is  ignored  in  the  computation.  For  the  limits  - 
shown  on  Figure  7-11,  360  degrees  x 20  degrees  = 7,200  degrees'1 
total  area.  The^sun  glint  sweeps  over  305  degrees  x 15  degrees 
or  4,575  degrees  . The  probability  of  glint  is  therefore 
4,575/7,200  = 0.6354. 

Note  that  this  probability  applies  only  to  the  existence  of  glints 
within  a zone  of  interest.  It  is  not  a probability  for  detection, 
since  glint  intensity,  background  illumination  and  visual  angle 
are  not  involved  in  the  calculations. 

7,6.2  Analytical  Procedure  for  the  Determination  of  Glint  Signature 

Vector  analysis  techniques  utilizing  surface  normals  and  sun  po- 
sition vectors  can  be  used  to  calculate  glint  signatures.  Such 
procedures  require  the  aid  of  a computer  to  facilitate  the 
numerous  calculations  involved.  Typical  computer  programs  for  this 
purpose  are  described  in  References  1 and  2.  Inputs  for  these 
programs  include  a mathematical  definition  of  the  transparency 
shapes,  and  sun  and  observer  positioi-s  (azimuth  and  elevation) 
relative  tc  the  aircraft. 
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Figure  7-10.  Top  View  of  Experiment  Setup. 


Sun-elevation  angle  (deg) : 0 

(a)  Aircraft  pitch  attitude  (deg):  0 

Aircraft  roll  attitude  (deg):  0 

Heading  of  Aircraft  vitb  Respect  to  Sm  (7) 
+160  ♦**<>  - * ISP  +30  +60  ♦iO ...  ■ +20 


i. 


♦l8o  +150  +120  +90  +60  +30  0 -30  -60  *90  -120  -150  -380 

Position  of  Observer  irith  Respect  to  Sus  (deg)  (jO 


Elevation 
of  Observer 

(<3=5  ) @ 
♦10 
0 
10 


Figure  7-11.  Standard  Format  for  Presenting  Canopy  Sun-Glint  Signature. 
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7. 6. 2.1  Geometric  Relationships 


Flat-surfaced  transparent  enclosures  are  more  effective  in  reducing 
glint  signatures  than  curved  transparent  enclosures  of  equivalent 
area.  This  is  because  the  glint  signature  from  flat  shapes  is 
much  smaller.  For  example,  considering  sun  elevations  of  5 de- 
grees to  65  degrees,  the  area  swept  by  glint  by  a standard  curve 
AH-1  canopy  is  between  63%  and  98%  of  the  total  area,  whereas 
for  the  same  sun  positions,  the  maximum  area  swept  by  glint  by 
a flat  AH-1  canopy  does  not  exceed  1%  of  the  total  area.  The 
increased  glint  intensity  from  flat  panels  is  apparently  of  se- 
condary importance  since  detection  studies  using  helicopters 
equipped  with  both  curved  and  flat  canopies  have  shown  the 
flat  panels  to  be  less  detectable. 


Even  with  flat  panels,  glint  cannot  be  entirely  eliminated.  There 
will  always  be  a combination  of  sun  azimuth  and  elevation  positions 
that  will  produce  offending  glints.  For  example,  in  Figure  7-12, 
given  a sun  elevation  of  40  degrees,  an  azimuth  position  of 
0 degrees  (1^)  will  cause  a reflected  ray  (R^>  to  emanate  above 
the  region  of  interest.  However,  for  the  same  elevation  when  the 
sun  ray  azimuth  (Ig)  is  at  180  degrees,  the  reflected  ray  (R?)  is 
below  the  region  of  interest.  Hence,  for  some  sun  ray  azimuth 
between  0 degrees  and  180  degrees,  the  reflected  ray  vector  must 
sweep  through  the  region  of  interest. 


Zeni th 


‘‘Flat  Surface 


Region 

of 

Interest 


= Incident  Ray  with  Gc  Azimuth 


Ig  = Incident  Ray  with  l80°  Azimuth 


R1  - Reflected  Ray  due  to  I„ 
Rg  = Reflected  Ray  due  to  1 


Figure  7-12  Illustration  of  Window  Reflections. 
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For  the  basic  canopy  shape  illustrated  in  Figure  7-13,  Figures  7-14 
and  7-15  show  the  combinations  of  sun  azimuth  and  elevations  that 
will  produce  offending  glints  for  various  window  positions.  For 
these  curves,  offending  rays  are  those  rays  that  fall  1 degree 
below  a horizontal  plane. 

It  is  important  to  note  that  Figure  7-14  could  have  been  plotted  for 
sun-ray  azimuths  for  360  degrees  to  180  degrees  and  the  curves  would 
have  the  same  form.  For  example,  when  the  window  elevation  is  45  de- 
grees and  the  sun  elevation  is  65  degrees,  a sun  azimuth  of  270  degrees 
would  cause  a reflected  vector  with  91  degrees  zenith.  In  other  words, 
the  sun  azimuths  which  cause  glints  in  the  region  of  interest  are  sym- 
metrical with  respect  to  the  longitudinal  axis  of  the  helicopter. 

Figure  7-15  corresponds  to  Figure  7-14  and  illustrates  the  azimuth  of 
the  reflected  vector  when  the  reflected  vector  is  in  the  region  of 
interest  for  a given  window  elevation  and  a given  sun  elevation.  Note 
that  for  all  the  cases  considered,  the  reflected  vector  emanates  to- 
ward the  front  of  the  aircraft,  beginning  with  small  azimuth  for 
high  suns  and  increasing  in  azimuth  as  the  sun  gets  lower  in  the  sky. 
For  example,  when  the  window  elevation  is  45  degrees  and  the  sun 
vector  elevation  is  40  degrees,  the  reflected  vector  has  an  azimuth 
of  -44  degrees  and  a zenith  of  91  degrees. 

Figures  7-16  and  7-17  represent  the  same  type  of  data  for  the  top 
windows  as  Figures  7-14  and  7-15  do  for  the  front  sloped  window. 

Figures  7-18  and  7*19  represent  the  same  type  of  data  for  the  side 
windows. 


Figure  7-13.  Basic  Canopy  Shape. 
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Figures  7-14  through  7-19  can  be  used  to  predict  the  positions  of 
glints  on  the  ground  for  a variety  of  canopy  designs  that  have  the 
basic  form  shown  in  Figure  7-13.  Also,  a very  important  point  is 
that,  for  any  glint  on  the  ground,  the  sun  position  which  caused 
that  glint  can  be  located  for  a given  window  elevation. 

7.7  Slj pt  Countermeasures 

From  the  preceding  discussion  it  is  apparent  that  geometry  alone  can- 
not totally  eliminate  glint,  although  favorable  reflection  patterns 
can  be  achieved  by  this  method.  For  example,  outward  canting  of  ver- 
tical transparencies  is  effective  at  low  altitudes  since  all  sun  rays 
are  directed  downward  short  of  the  1- kilometer  zone  of  interest,  as 
shown  in  Figure  7-20.  However,  this  advantage  can  be  negated  by  sun 
rays  entering  the  cockpit  through  another  window  and  reflecting  off 
the  inboard  surface,  although  clutter  within  the  cockpit  provides  some 
masking  from  this  effect.  ^ 


Observer 


Figure  7-20.  Downward  Reflections  From  an  Outward  Canted  Window. 


Baffles  or  fences  provide  another  means  to  attenuate  glint  signatures. 
As  shown  in  Figure  7-21,  these  fences  are  mounted  externally  and 
either  preclude  the  incidence  of  some  offending  sun  rays  or  block 
other  offending  sun  rays  from  reflecting  in  certain  directions.  Care- 
ful placement  of  baffles  in  conjunction  with  flat  transparencies  can 
virtually  eliminate  cockpit  glint  as  a source  of  detection,  although 
there  are  certain  inherent  disadvantages  to  this  method,  such  as 
restricting  visibility  and  increasing  aerodynamic  drag. 
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Fence  Prevents  Offending 
Sun  Ray  from  Reflecting 
Off  Transparency 


Section 

Through 

Canopy 


Figure  7-21.  Reflection  Control  With  Fences. 


Anti  reflective  coatings  are  frequently  considered  as  solutions  to 
glint  problems.  These  coatings  reduce  the  intensity  of  reflected 
light  by  a factor  cf  about  four  at  specified  incidence  angles.  However, 
under  conditions  of  very  bright  sunlight,  this  reduction  is  not  nec- 
essarily great  enough  to  prevent  detection  in  the  zones  of  interest. 

In  addition,  attenuation  is  optimized  for  a narrow  range  of  incidence 
angles,  which  for  practical  purposes  does  not  exceed  60  degrees.  Be- 
yond this  range,  the  coatings  become  even  less  effective. 

In  an  evaluation  of  the  detectability  characteristics  of  an  AH-1  heli- 
copter canopy  with  an  anti  reflective  coating,  a series  of  tests  des- 
cribed in  Reference  5 showed  that  there  was  no  significant  difference 
in  either  detection  range  of  total  angle  of  glint  between  the  coated 
canopy  and  the  standard  uncoated  configuration. 


References 


Daumit,  R.  H. , et  al , v/estinghouse  Defense  and  Electronics  Systems 
Center,  "Cobra  Glint  Model  AH-1G,"  LWL-CR-06P72B,  U.  S.  Army  Land 
Warfare  Laboratory,  Aberdeen  Proving  Ground,  Md. , Mar.  1974. 

Wulfeck,  J.  W. , et  al,  Tufts  University,  "Vision  in  Military  Aircraft," 
WADC-TR-58-399,  Wright  Ai''  Development  Center,  Wright-Patterson  Air 
Force  Base,  Ohio,  Nov.  1958. 

Gundling,  D.  R. , and  White,  F. , Boeing  Vertol  Company,  "Canopy  Sun  Glint 
Evaluation  and  Display  Standard,"  USAAMRDL-TR-75-42,  U.  S.  Army  Air 
Mobility  Research  and  Development  Laboratory,  Fort  Eustis,  Va. , 

Oct.  1975,  AD  A0181079. 

Daumit,  R.  H. , and  Kiesel,  J.  B. , Westinghouse  Defense  and  Electronics 
Systems  Center,  "Cobra  Window  Design  Analysis  and  Noglare  Canopy 
Design,"  LWL-CR-06P72,  U.  S.  Army  Land  Warfare  Laboratory,  Aberdeen 
Proving  Ground,  Md. , Mar.  1974. 

Martin  E.  L. , and  Uliano,  G.  L. , "Helicopter  Disguise  Evaluation,"  MASSTER 
Test  No.  1029,  Modern  Army  Selected  Systems  Test  Evaluation  and  Review, 
Fort  Hood,  Tex.,  Oct.  1972. 

Blewitt,  S.  J. , Boeing  Vertol  Company,  "Investigation  of  Helicopter 
Visual  Detection,"  USAAMRDL-TR- 74-72,  U.  S.  Army  Air  Mobility  Research 
and  Development  Laboratory,  Fort  Eustis,  Va. , Sept.  1974, 

AD  B000297L. 


Lundgren,  G.  A.,  Optical  Coating  Laboratory,  Inc.,  "A  Coating  for 
Helicopter  Canopies,"  AFML-TR-73-126,  Air  Force  Materials  Laboratory, 
Wright-Patterson  Air  Force  Base,  Ohio,  Feb.  1973. 


ANTI-ICING 

The  capability  of  flying  in  adverse  weather  has  become  a common  design 
requirement  for  military  helicopters.  A major  problem  is  the  presence 
of  supercooled  water  droplets  in  clouds  at  ambient  temperatures  below 
freezing.  When  the  supercooled  water  droplets  are  disturbed  by  an 
aircraft,  the  droplets  will  impinge  and  may  freeze  on  unneated  areas 
such  as  transparencies.  The  resultant  ice  buildup  can  obscure  vision 
through  the  transparency.  Therefore,  all  transparent  areas  essential 
to  the  mission  must  be  maintained  clear  of  external  ice. 

Due  to  weight,  power,  and  cost  constraints,  it  is  seldom  possible  to 
heat  the  entire  transparent  enclosure,  and  heating  is  frequently  limited 
to  main  windshields,  as  shown  in  Figure  8-1.  Partial  heating  of 
localized  areas  of  a windshield  is  sometimes  used  for  emergency  cap- 
ability, although  this  technique  usually  results  in  restricted  vision. 
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Figure  8-1.  Anti-Icing  of  Main  Windshields 
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8. 1 Definitions  and  Conditions 

The  following  terms  are  used  to  define  the  various  means  of  maintaining 
clear  vision  through  transparencies  in  icing  conditions. 

Anti -icing  - Anti -icing  is  the  prevention  of  ice  buildup  by  the  process 
of  either  evaporating  the  impinging  water,  or  melting  it  so  that  it  may 
run  off  or  run  back  and  freeze  on  a noncritical  area.  Heated  aircraft 
windshields  do  not  normally  vaporize  the  water.  Anti-ice  protection 
is  provided  by  maintaining  the  windshield  outer  surface  above  +35°. 

Deicing  - Deicing  is  the  periodic  shedding  of  ice  by  mechanically  or 
thermally  destroying  the  bond  between  the  ice  and  the  protected  surface. 
The  ice  shed  by  deicing  may  damage  aft-mounted  engines,  components  and 
rotors.  However,  the  most  important  deficiency  is  the  restriction 
on  visibility  during  periods  in  which  the  ice  is  allowed  to  accumulate 
on  windshields. 

befogging  - Defogging  is  the  removal  of  moisture  and  vapor  on  the  in- 
terior surface  on  the  windshield.  This  is  normally  accomplished  by 
maintaining  the  surface  temperature  above  the  surrounding  air  dew  point. 
The.  dew  point  is  the  temperature  at  which  water  vapor  begins  to  con- 
dense out  of  air  that  is  being  cooled. 

Design  Icing  Conditions  - Windshield  design  icing/fogging  conditions  are 
directly  related  to  the  liquid  water  content  of  the  air,  the  mean  water 
droplet  size,  the  ambient  air  temperature,  and  the  local  air  velocity 
and  surface  geometry.  The  selection  of  specific  environmental  design 
criteria  may  be  found  in  customer  requirements,  MIL-T-5842A,  or  Federal 
Aircraft  Regulation  FAR  25,  Appendix  C. 


Continuous  Icing  Conditions  - Continuous  icing  conditions  occur  during 
flight  in  extended  (stratiform)  cloud  cover,  and  apply  to  a pressure 
altitude  range  from  sea  level  to  22,000  feet.  The  intensity  of  con- 
tinuous atmospheric  icing  conditions  is  defined  by  the  variables  of  the 
cloud  liquid  water  content,  the  mean  effective  diameter  of  the  cloud 
droplets,  and  the  ambient  air  temperature.  Maximum  values  and  the 
relationship  between  these  three  variables  are  shown  in  Figure  8-2 
for  a standard  horizontal  distance  of  17.4  nautical  miles.  The  limiting 
icing  envelope  in  terms  of  altitude  and  temperature  is  given  in  Figure 
8-3.  The  relationship  of  cloud  liquid  water  content  with  drop  diameter 
and  altitude  is  determined  from  Figures  8-2  and  8-3.  in*  cloud  liquid 
water  content  for  continuous  maximum  icing  conditions  of  any  Horizontal 
extent  is  determined  by  the  value  of  liquid  water  content  of  Figure  b-2 
multiplied  by  the  appropriate  factor  from  Figure  8-4, 
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Liquid  Water  Content  - grams/meter’ 


Horizontal  distance  of 
IT.*1  Nautical  Miles 


Mean  Effective  Drop  Diameter  - Microns 

uata  From  Ref.  1 


Figure  8-2.  Continuous  {Stratiform  Clouds)  Atmospheric  Icing 
Conditions,  Liquid  Water  Content  Versus  Mean 
Effective  Drop  Diameter, 


Pressure  Altitude  - 1000  ft 


Data  from  Ref. 


Figure  8-3.  Continuous  (Stratiform  Clouds)  atmospheric  Icing 
Conditions.  Ambient  Temperature  Versus  Pressure 
Altitude. 


u 

o 

-p 

0 

01  «1 


CJ  oj 

..  8 


5 670910  20  30li050 


200  300 


Figure  8-4. 


Cloud  Horizontal  Extent  - Nautical  Miles 

Data  From  Ref,  1 

Continuous  (Stratiform  Clouds)  Atmospheric  Icing 
Conditions,  Liquid  Water  Content  Factor  Versus 
Cloud  Horizontal  Distance. 
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Intermittent  Icing  Conditions 


Intermittent  icing  conditions  occur  during  flight  in  cumuliform  clouds 
and  car.  be  more  intense  than  conditions  to  be  found  in  continuous 
stratiform  clouds.  The  condition  applies  tc  pressure  altitudes  ranging 
from  4000  to  22,000  feet. 

The  intensity  of  intermittent  atmospheric  icing  conditions  is  defined 
by  the  variables  of  the  cloud  liquid  water  content,  the  mean  effective 
diameter  of  the  cloud  droplets,  and  the  ambient  air  temperature.  Maximum 
values  and  the  relationship  between  these  three  variables  are  shewn  in 
Figure  8-5  for  a standard  horizontal  distance  of  2.6  nautical  miles. 

The  limiting  icing  envelope  in  terms  of  altitude  and  temperature  is 
given  in  Figure  8-6.  The  relationship  of  cloud  licuid  water  content 
with  drop  diameter  and  altitude  is  determined  from  Figures  8-5  and  8-6. 
The  cloud's  liquid  water  content  for  intermittent  maximum  icing  of 
any  horizontal  extent  is  determined  by  the  value  of  cloud  liquid  water 
content  of  Figure  8-5  multiplied  by  the  appropriate  factor  in  Figure 
8-7. 


Data  Prom  Ref.  1 

Figure  8-5.  Intermittent  (Cumuliform  Clouds)  Atmospheric  Icing 

Conditions,  Liquid  Water  Content  Versus  Mean  Effective 
Drop  Diameter. 


120 


J£- 


Liquid  Water  Content  Factor 
F - Dimensionless 


Cloud  Horizontal  Extent  - Nautical  Miles 

Data  From  Ref.  1 

Figure  8-7.  Intermittent  (Cumuliform  Clouds)  Atmospheric  Icing 
Conditions,  Liquid  Water  Content  Factor  Versus 
Cloud  Horizontal  Extent. 


8. 2 Heat  Requirements 

Power  requ.  'ements  for  heated  windshields  are  normally  obtained  from 
MIL-T-5842.  For  helicopters,  these  power  densities  have  been  found 
to  be  adequate  if  not  somewhat  conservative.  Pertinent  requirements 
from  that  specification  are  excerpted  below. 


The  heating  requirements  shall  oe  met  during  all  conditions,  including 
engine  warm-up,  taxiing,  takeoff,  and  touchdown,  up  to  the  normal 
cruising  speed  of  the  aircraft  in  order  to  maintain  an  exterior  wind- 
shield surface  temperature  of  35°F.  Under  these  conditions,  the  anti- 
icing system  shall  be  capable  of  supplying  sufficient  heat  to  all 
points  of  the  exterior  surface  of  the  windshield  to  meet  the  require- 
ments cf  the  curve  shown  in  Figure  8-8.  Anti-ice  heating  can  be 
accomplished  by  hot  air  or  electrically  conductive  coatings. 
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Normal  Cruise  Speed  - Knots 

Figure  8-8.  Windshield  Heating  Requirements  as  Defined  by  MIL-T- 
5842 A. 

8.3  Analysis  of  Heat  Requirements 

Analytical  calculations  provide  an  alternate,  more  detailed  evaluation 
of  the  total  unit  heat  flow  requirement  to  that  obtained  from  the 
MU-T-5842  curve. 

The  establishment  of  a general  solution  for  the  total  heat  flux  of  a 
heated,  anti-iced  windshield  includes  the  following  possible  modes 
of  heat  transfer: 

Convective  loss,  q , direct  heat  transfer  to  the  ambient 
outside  atmosphere0 

Evaporative  heat  loss,  q , outside  heat  transfer  to  vaporizing 
surface  water. 

Sensible  heat  loss,  q , outside  heat  transfer  to  impinging 
liquid  water 

Radiation  loss,  q^,  outside  radiation  to  space 

O 

The  total  outside  windshield  heat  flux,  o , Btu/(hr  - ft  ) is  therefore: 


q = q + q + q + q 


(8-1) 


In  typical  windshield  heat  analyses,  the  radiation  losses  are  regarded 
as  negligible  and  that  term  is  frequently  omitted  from  the  analysis. 

The  total  required  windshield  heat  flux  is  the  sum  of  the  outside,  qQ, 
and  inside,  q. , heat  fluxes  (see  Figure  8-9). 

qt  = q0  + qf  (8-2) 

A parametric  definition  of  each  term  is  provided  in  the  discussion  that 
follows. 


Figure  8-9.  A Model  of  a Windshield's  Transverse  Heat  Flow. 
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8.:. 2 


Evaporative  Outside  Heat  Flux 


The  presence  of  liquid  water  is  a necessity  in  an  icing  en- 
counter. The  windshield's  outer  surface  will  be  partially  wet 
and  somewhat  wanner  than  the  surrounding  moisture-bearing 
atmosphere.  This  results  in  mass  transfer  and  hence  an  evapo- 
rative heat  flux,  q . 

ne 


P P 

q - 2.91  L h w <8“4>  from  Ref'  3 

e s c PB  and  4 

where 

L » latent  heat  of  vaporization  of  water  at  the  windshield  sur- 
face temperature,  Btu/lb. 

L = 1074.1  Btu/lb  at  t = 35°F.  Other  values  of  L may  be 

obtained  from  steam  tables.  Reference  6. 

2 

h = convective  outside  heat  transfer  coefficient  in  Btu/(Hr  - ft  - 
F).  Refer  to  nomogram,  Figure  8-10  for  specific  values. 

w = surface  wetness  factor,  dimensionless.  The  surface  wetness 
factor  varies  between  0 and  1.  It  has  a value  of  1 for  a 
completely  wet  surface  and  a value  of  0 for  a completely  dry 
surface. 

P = vapor  pressure  of  saturated  water  at  the  windshield  surface 
v"  temperature,  lb/ ft  . 

P = 14.39  lb/ft  at  t = 35°F.  Other  values  of  P may  be 

WS  obtained  from  Tabfe  8-1.  ws 

Pwo  = vapor^pressure  of  saturated  water  at  ambient  air  temperature 
lb/ft  . Refer  to  Table  8-1  for  specific  values. 

Pg  = atmosphetic  (barometric)  pressure  corresponding  to  the  flight 
altitude,  lb/ft  . Refer  to  Table  8-2  for  specific  values. 


NOTE:  Equation  8-4  is  based  on  the  assumption  that  Pg  is  much  larger 

than  P . 
w 
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Figure  8-10.  Convection  Heat  Transfer  Coefficient  at  Outside 
Surface  of  Windshield,  Nomogram. 
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TABLE  8-1.  TEMPERATURE  VERSUS  VAPOR  PRESSURE  OF  SATURATED  AIR 


Temperature  (tQ) 


Vapor  Pressure  of 
Saturated  Vapor  (P  ; P 
Absolute  Pressure 
(Ib/ft  j 


0.2736 

0.5040 

0.8928 

1.5552 

2.6654 

4.4496 

7.2720 

11.6350 

14.3900 

17.5248 

25.6470 


Data  from  Ref.  5 


TABLE  8-2. 


ALTITUDE  VERSUS  BAROMETRIC  PRESSURE 


Altitude 

(ft) 


Barometric  Pressure,  Pn 
(lb/ftZ)  B 


0 

1000 

2000 

3000 

4000 

5000 

6000 

7000 

8000 

9000 

10000 

11000 

12000 

13000 

14000 

15000 


Data  from  Ref.  6 


8.3.3 


Sensible  Outside  Heat  Flux 

The  heat  flux  associated  with  catching  the  liquid  water  at  the 
atmospheric  temperature  and  warming  it  to  the  windshield  surface 
temperature  by  direct  heat  transfer  is  termed  sensible  heat  flux. 
The  equation  includes  the  kinetic  energy  available  from  the  im- 
pinging water. 


•225Em  (Sine  9)  (Cosine  0)  U (LWC)  Cpw 


V 

t + i 

o 2gJC  water 


) 


(8-5)  from  Ref.  3 


where 


q^  = sensible  outside  heat  flux,  Btu/ (hr  - ft  ) 

tg  = temperature  of  the  outside  surface  of  windshield,  °F 


1 = 2 x 10-5  ft2/(sec2  - °F) 


2gJCpWater 

t = ambient  outside  air  temperature,  °F 

See  Figure  8-3  or  Figure  8-6  for  the  range  of  possible  values. 
V = local  velocity  over  windshield,  ft/sec 

Usually  assumed  to  equal  aircraft  velocity. 

U = free-stream  velocity,  ft/sec 


“H 


Angle  0 = 


LWC  = 


Specific  values  may  be  obtained  from  Figure  8-2  for  continuous 
maximum  icing  conditions  where  0.1  <(LWC)  < 0.8  or  Figure  8-5 
for  intermittent  maximum  icing  conditions  where  0.1  < (LWC)  <2.9. 


'Pw 


= specific  heat  of  water  =1.0  Btu/(lb  - °F). 

= windshield  droplet  collection  efficiency,  dimensionless. 
This  term  is  a measure  of  how  many  supercooled  droplets  in 
given  approach  area  actually  impinge  on  the  windshield  sur- 
face and  may  be  related  mathematically  to  Figure  8-11  as 
follows: 


_ Number  of  droplets  in  av  hitting  windshield  (8-6) 

Number  of  droplets  in  Ay  approaching  windshield 


Figure  8-11.  Physical  Signficance  of  Collection  Efficiency. 
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The  collection  efficiency  may  be  obtained  as  a function  of  the  Reynolds 
number  and  a dimensionless  inertia  factor,  K,  from  Equations  8-7  and 
8-8  or  Figure  8-12. 


Em  = efc 
m 


(8-7} 


_ \r  + i5( 


+0.267  1-0.225  R. 


(K  - 0.15)' 


(8-8) 


where 


R^l  = frej-stream  Reynolds  number,  dimensionless 
K = inertia  parameter,  dimensionless 


N v 


(8-9) 


where 


a = droplet  radius,  ft 

Specific  values  for  a^ may  be  obtained  from  Figure  8-2  for 
continuous  maximum  icing  conditions  and  Figure  8-5  for  inter- 
mittent maximum  icing  conditions. 

NOTE:  1 micron  = 3.281  x 10  feet 

u = absolute  viscosity  of  air,  lb/ (ft  - sec).  Specific  values  of  u 
may  be  obtained  from  Table  8-3. 


53.35  T 


(8-10) 


I 


■ 


S*2fflE£SBSK5Srrr'“ 


where 


P = barometric  pressure  corresponding  to  flight  altitude,  lb/ ft 
Refer  to  Table  8-2  for  specific  values. 


T = absolute  ambient  air  temperature,  degrees  Rankine 
o 


(T  t + A 60) 
o o 


p =■  density  of  air,  lb/ft' 


„ 2p  a V 
K = w 


(8-11) 


9V  (sin  9)H 


wnere 


p = density  of  water  = 62. A lb/ft 
w 


R = vertical  length  of  windshield 


A 


Windshield 


Droplet 
Reynolds 
Number  R 


I 


! 


TABLE  8-3.  TEMPERATURE  VERSUS  ABSOLUTE  VISCOSITY  OF  AIR 

Temperature  (t  ) Absolute  Viscosity  of  Air  (u) 

°F  0 lb/(ft  - Sec) 


-50 

-25 

0 

+25 

+50 


99. 74  x 10  ' 

104.57  x 10"7 
103.75  x V 

113.57  x 10‘7 
118.40  x 10-7 

Data  from  Ref.  6 


8.3.4  Radiation  Outside  Heat  Flux 

The  basic  equation  for  the  unit  heat  loss  at  the  windshield  outer 
surface  due  to  radiation  is  expressed  by: 

qr  = <3e(Ts4  - Tq4)  Fr  (8-12)  from  Ref.  7 

where 


5 = Stefen-Boltzmann  constant,  which  equals 

0.173  x 10-8  3tu/(hr  - ft2  - °R4). 

e = emissivity  of  windshield,  which  is  assumed  to  be  glass 
and  has  a value  of  .94,  Ref.  6. 

Tq  = absolute  ambient  outside  air  temperature,  degrees  Rankine 

See  Figure  8-3  or  Figure  8-6  for  range  of  possible  values 

T = absolute  outside  windshield  surface  temperature,  degrees 
s Rankine.  Usually  35°F  + 460  = 495°R. 

Fr  = .adiation  shape  factor.  Assume  =1.0. 
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8.4  Temperature  Uniformity 


Temperature  uniformity  across  the  surface  of  r.  heated  windshield  is 
necessary  to  prevent  hot  spots  that  cause  material  breakdowns  and 
cold  spots  that  impare  anti-ice  or  defog  capability.  Hot  spots  and 
cold  spots  are  regions  of  local  temperature  variation  resulting  from 
nonuniform  thickness  (and  therefore,  heating)  of  the  electrically 
conductive  film.  Thermal  gradients  in  heated  windshields  also  cause 
optical  distortion  and  mechanical  strains  that  affect  structural  in- 
tegrity. 

Typical  windshield  anti -icing  systems  cycle  power  on  ar.d  off  between 
limits  of  approximately  80°  F and  100°F.  A wide  spread  between  on-off 
points  is  necessary  to  accommodate  the  tolerances  of  the  temperature 
sensing  elements  and  the  electrical  controller.  In  addit  on,  the 
switching  temperatures  must  be  considered  nominal  values  hat  are  ap- 
plicable only  at  the  windshield  temperature  sensor  locatim  and  that 
vary  across  the  surface  of  the  windshield. 

Therefore,  limits  on  temperature  uniformity  must  be  established  which 
relate  hot  spots  and  cold  spots  to  the  ser.sor  (control  point)  tempera- 
ture. 

8.4.1  Power  Constant  Equations 

Temperature  uniformity  limits  for  heated  windshields  .ja;-  ; ieu  by 

means  of  power  constant  equations.  Power  constant  eq..  ■ ions  relate 
the  ratio  of  local  power  dissipation,  which  is  directly  proportional  to 
the  transverse  temperature  gradient . at  any  two  points  on  a windshield 
surface  to  a specified  constant. 

The  power  constant  relationships  are  derived  from  '•■asic  heat  trans- 
fer equation: 

n - AT  (8-13' 

M R 


where 

Q = heat  flow 

AT  = total  temperature  gradient  between  the  windshield  heating  film 
and  ambient  air 

R = thermal  resistance  (conductive  and  convective)  between  the  wind- 
shield heating  film  and  ambient  air  along  the  path  of  heat  flow 
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The  following  conditions  are  assumed  to  apply. 

1.  Heat  flow  is  steady  state- 

2.  External  heat  transfer  coefficients  are  uniform. 

3.  Thermal  resistance  does  not  change  with  temperature. 

4.  Electrical  resistivity  of  the  heating  film  is  independent 
of  temperature. 

5.  All  electrical  power  is  converted  to  heat. 

Therefore,  at  a steady  statt  condition,  R and  Q will  be  constant  for  a 
given  windshield: 


RQ  = AT  = constant 


(8-14) 


And  for  any  two  points  on  the  windshield  surface,  the  ratio  cf  tem- 
perature gradients  will  also  be  constant. 


¥i  Ti 

_____  ^ _ = constant  = K 

¥2  2 


(8-15) 


The  temperatures  that  are  of  significant  interest  are: 

T^  = hottest  point  on  the  windshield  heating  film  (°F) 

T^  = coldest  point  on  the  windshield  heating  film  (°F) 

1™  = highest  permissible  temperature  at  the  temperature 
sensor  location 

TCL  = ^owest  permissible  temperature  at  the  temperature 
sensor  location 

Tq  = external  ambient  temperature 

Tpj,  and  T-,  are  control  points  since  power  regulation  is  based  on 
temperatures  measured  at  those  locations.  The  hottest  temperature 
on  the  windshield  heating  film  as  well  as  the  coldest  temperature 
can  be  related  to  the  control  point  temperature  by  a substitution 
in  equation  (8-15). 


^4: 


(8-16) 


where 

= hot-spot  power  constant 


(8-1 7 ) 


where 

= cold-spot  power  constant 


Equations  8-16  and  b-17  are  used  to  calculate  power  constants  for  quali 
t.y  control  purposes.  The  control  point  temperatures,  Tr>,  and  Tr.  , 
are  the  highest  and  lowest  temperatures  at  which  the  power  is  respect- 
ively switched  off  and  on.  The  maximum  hot-spot  temperature,  L,,  is  a 
function  of  material  properties  and  usually  falls  in  a range  between 
150°F  and  200°F.  The  minimum  cold- spot  temperature,  T,  , is  the  lowe  t 
heating  film  temperature  needed  to  maintain  surface  temperatures 
above  freezing  or  dew  point  values.  It  is  obtained  from  the  windshield 
thermal  design  analysis. 

It  should  be  noted  that  as  T , the  ambient  temperature,  is  lowered,  the 
transverse  thermal  gradient  increases.  For  example,  at  7Q°F  ambient 
temperature,  if  the  hottest  point  on  the  windshield  is  100°F  and  the 
control  point  is  90°F, 

„ _ 100  - 70  _ 30  _ , P 

“ 90  - 70  20  ~ 

Then,  at  -65°F,  the  hottest  point  for  the  same  control-point  tempera- 
ture (90°F)  would  be 

TH  = 1.5  (90  + 65)  - 65  = 167. 5°F. 

Thus,  the  ambient  temperature  used  to  establish  the  power  constants 
should  be  the  lowest  temperature  at  which  the  operation  of  the  equip- 
ment is  required.  For  calculating  hot  spots,  this  would  be  -65°F, 
and  for  calculating  cold  spots  this  would  be  -22°F,  the  lowest  temper- 
ature at  which  liquid  water  is  found. 

Equation  8-15  is  plotted  for  various  values  of  K in  Figure  8-13. 
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8.4.2 


Effects  of  Nonuni  form  Airflow 


The  effects  of  nonuniform  airflow  over  the  exterior  surface  of  a 
heated  windshield  cause  variations  in  the  local  convective  heat 
transfer  coefficient  and  hence  in  the  surface  temperature.  The 
local  air  velocity  over  the  windshield  surface  is  related  to  the 
free-stream  velocity  by  equation  8-18,  with  the  local  convective 
coefficient  (velocity  function)  and  temperature  given  by 
equation  8-19. 

VL  = V”  V l-Cp  (8-18) 


where 


= local  velocity,  mph 
VM  = free-stream  velocity,  mph 


C 


P 


where 


t 

t 


local  pressure  coefficient,  dimensionless 
(Usually  obtained  from  wind  tunnel  test  data) 
h,  ax 

.1-  T ' 


K 


t^  = temperature  of  windshield  heating  film,  °F 
tro  = ambient  temperature  of  free  stream,  °F 


AX 

K 

h 


windshield  thickness,  in 


windshield  thermal  conductivity. 


Btu  - in 
hr-ft2-0 


F 


convective  heat  transfer  coefficient, 


Btu  

hr-ft2-°F 


and  subscripts  1 and  2 represent  discrete  locations  on  the 
windshield  surface. 

The  following  example  shows  the  variations  in  temperature  at  two 
points  on  the  windshield  surface  for  a typcial  configuration  as 
shown  in  Figure  8-14. 

Giver.:  VOT  =150  mph 

Cpl  = 0.7  Altitude  = 2000  ft 

Cp-  = 0.45 
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AX  = 0.1  in 


K =7.14  Btu-in  /hr  - °F 

t = -4  °F 
00 

tf2  = 110°F 

V.  = V %/  1-C  (8-18) 

L oo  v p 


V 

oo 


Figure  8-14.  Variation  in  Airspeed  at  Windshield  Surface 


For  V , For  VT „ 

Lx  L L 

V. , = 150  '-/l  - .7  = 82  raph  V.„  « 150\/l  + .45  » 181  mph 

L.A.  LZ 


y 

LI  represents  the  slower  moving  air  at  the  bottom  of  the  windshield 
and  V. ^ the  faster  moving  air  at  the  top  of  the  windshield.  Using 
Figure^8-10,  the  corresponding  values  |or  convective  heat  transfer 
coefficients  are  12  and  22.5  Btu/hr-ft  re 


Assuming  the 


respectively, 

heating-film  temperature  at  point  2 is  110  F,  the  temperature  at 


point  1 will  be: 


h„  A 


x 


"?2 


- t 


K 


■fl 


1 + h,  A x 


(8-19) 


K 
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1 + 


tv 


"fl 


22.5  (.1) 
7.14 

i + 4101 

' 7.14 


{110  + 4) 


= 128°F 


-kOr 


Thus,  if  the  temperature  sensor,  set  at  110  F,  was  located  at  the  top 
of  the  windshield*  the  bottom  of  the  windshield  would  automatically 
become  a hot  spot.  This  can  be  minimized  by  providing  temperature 
sensors  at  both  locations  and  averaging  their  signals  to  the  power 
controller. 

8.5  Temperature  Sensor  Location 

Temperature  sensing  elements  (TSE)  are  used  to  monitor  windshield 
temperatures  and,  in  conjunction  with  a power  controller,  determine 
when  to  switch  power  on  und  off.  The  TSE  should  te  located  as  close 
to  the  heating  film  as  possible  to  minimize  thermal  lag,  as  shown  in 
Figure  8-15. 


Outside  Surface 


Figure  8-15.  Transverse  Temperature  Sensor  Location. 

The  sensor  is  located  along  the  windshield  perimeter  and  its  loca- 
tion is  usually  allowed  to  vary  within  a specified  zone.  This  permits 
the  windshield  manufacturer  to  place  the  sensor  in  the  most  favorable 
location  with  regard  to  hot  spots  and  cold  spots. 

For  example,  with  an  ambient  temperature  of  50°F,  the  hot-spot  and 
cold-spot  power  constants  for  the  temperature  sensor  location  shown 
in  Figure  8-16  would  be: 
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kh 


1 30  - 50 
120  - 50 


1.14 


105  - 50 
120  - 50  " * 


Moving  the  temperature  sensor  closer  to  the  hot  spot  would  reduce 
Kh  but  increase  K,  , and  moving  the  temperature  sensor  closer  to  the 
cold  spot  would  improve  but  increase  K^. 


Ambient  Temperature  = 50°F 


Sensing 

Element 


Figure  8-16.  Temperature  Sensor  Location  Relative  to  Hot 
and  Cold  Spots. 
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8.6  Sample  Problem 


The  following  sample  problem  has  been  included  to  further  define  the 
computational  procedure  for  windshield  thermal  design  and  to  provide 
results  that  show  the  relative  importance  of  the  four  modes  of  heat 
transfer  considered. 

Given  the  following  set  of  conditions: 

s = 150  knots 


Cruise  speed 

Windshield  outer 
surface  temperature 

Cockpit  temperature 

A1 titude 

Windshield  vertical 
sweepback  angle 

Windshield  height 

Windshield  hoi  zontal 
sweepback  ang  e 

Weather  Conditions: 

Intermittent  icing 

Ambient  air  temperature  t = -4°F,  which  is  compatible  with 

curve  shown  in  Figure  8-6  for 
an  altitude  of  10,000  ft. 


t$  = + 35  F 


t.  = + 40  F 
10,000  ft 
e = 45° 


H = 2.5  ft 
0’  = 30° 


Mean  effective  drop 
di ameter 

Therefore,  from 
Figure  8-5 

Horizontal  extent  of 
clouds 

From  Figure  8-7 


30  microns 

3 

LWC  = .8  grams /meter 

2 miles 

F = 1.05  and  LWC  = .8  x 1.05  = 
.84  grams/meter' 


The  total  heat  flux  may  be  obtained  directly  from  the  MIL-T-5842  curve. 
Figure  8-8  for  a cruise  speed  of  150  knots. 

qt  = 1700  Btu/(hr  - ft2) 
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The  computation  of  each  heat  flux  mode  is  performed  below  for  com- 
parative purposes. 

% = «c  + ’e  + V '8-1) 


Convective  Outside  Heat  Flux 


(8-3) 


173  mph 


From  Figure  8-10 


hc  = 18  Btu/(hr  - ft2) 

V =150  knots  x 1.688  = 253  ft/sec 

a - ??  (-4  + .9  (253)2  \ 

qc  l ‘ 2(32. 17)  (778. 16) ( .24)  I 

qc  = 616  Btu/(hr-ft2) 


Evaporative  Outside  Heat  Flux 

qe  = 2.91  Ls  hc  W P-WS|>~  Pwq  (8-4) 

Ls  = 1074.1  Btu/lb  at  tQ  = 35°F 
hc  =18  Btu/(hr-ft2  - °F) 
w =1.0 

Pws  = 14*39  lb/ft2  at  t0  = 35°F 

PWQ  =2.22  lb/ft2  from  Table  8-1  f*  -4°F 

PB  = 1456  lb/ft2  from  Table  8-2  at  10,000  ft 

qe  = (2.91)  (1074.1)  (18)  (1.0) 

qe  = 470  Btu/ (hr-ft2 ) 
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(8-5) 


2 

\ - -225  En  (8i»  WUO-WOC^  f..-  t0  + \ 

\ p water  / 


E = e 
m 


izSkz  +o-267  +o-225  r-0,28)(i-o2-^-Q 


(8-8) 


= 2a £V 

y 

. . microns 
a = 30  


(K  - 0.15) 


x 3.281  x 10“6  — 7 = 4.92  x 10~5ft 

microns 


P = PB 


53.35  T 


(8-10) 


T = t + 460  = -4  + 460  = 456  R 
o o 

p-  53TW56T  ■ -060  lb/£t2 


Frcm  Table  8-3,  y = 108.8  x 10“'  lb/ft-sec 
2(4,92  x 10~5) (.060) (253)  = 13g  2 

" 108.1  x 10“7 

2p  a2V 
K w 

K 9y  (sin  0)H 


K = 2(62.4) (4.92  x 10~J)  (253)  = ^ 5 

9(108.8  x 10_7) (.707) (2. 5) 


( ^ 

_ ~\  (.445)Z  + 


+ 0.267  + 0.225(138) 


(.445  - 0.15) 


^28\/102___180_\ 
/ \ 250  + 138  / 


D = -2.97 


~2  97 

E = = .0'i 

m e 


pc 


n«ema«iw 


’"11!.'S!I3E2222I2 


The  value  of  'V  as  taken  ft.  Figure  8-12,  is  approximately  the  same. 
Continuing,  „ c 

a - .225(.051)(.70’)(.866)(253)(.84)(1.0)(35+4+(253)  (2x10  ) 

= 60  Btu/(hr-ft2) 

Radiation  outside  heat  flux 
q = 6s  (Ts4  - TQ4)Fr 

^ . (0.173  X IQ'10)  (.94).4%-,A  - 4564)  - 27.30  BW(hr-ft  ) 

Total  outside  required  windstv  • i heat  flux  ^ 

q = q + q + qw  + \ = 616  + 470  + 60  + 27  = 1173  Btu/hr-ft  ) 

8.7  iHnrKhield  Tempera turejrgfile 

Prior  to  determining  the  heat  flu*  to  th. | “S^d'^^ocedurelor 
from  the  thermal  resistance  of  the  outer  p V- 


~ % k 


(8-20) 


where 


t = surface  temperature,  °F 
s 

Or 

t = film  temperature,  » 


x 

k 


= outer  ply  thickness,  in. 

, . 3tu-in. 

= thermal  conductivity,  -jj 


ftMtr-vF 


= heat  available,  Btu/(hr-ft  } 
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.100  in.  thick  — 
Polyvinyl  Butyral 
.080  in.  thick  m 


Glass 

.100  in.  thick 


T,  = 59  F 


T = 3 
s 

T a -l*°F 
o 


Heating  Film 

T.  = ii0°F 
1 


= 5T°F 


Figure  8-17.  Windshield  Cross  Section  and  Temperature  Profile. 


k =7.14  By-"-  for  9lass 


ft  -hr-  r 

35  . 

This  is  the  minimum  heating  film 
8.7.1  Interior  Heat  Flux 

The  heat  flux  into  the  cockpit  is  given  by  the  conductive  equation 
for  qi  •• 

q = (8-21 

1 f-  + ET 

hci  k 


where 


r 


f 

i 


f 


tt-  - heater  film  temperature,  °F 
t^  = cockpit  temperature,  °F 

hci  = convection  inside  surface  heat  transfer  coefficient 
(typically  hci  = 2.0  Btu/(hr-ft2  - °F) 
ax  = thickness,  in. 

k = thermal  conductivity,  (Btu-in)/(ft2-hr-°F) 

Using 

t.  = 40°  and  t^  = 59°F  as  previously  developed,  the  cockpit  side 
heat  is  calculated: 


* 1 5 gtujil 

ft2-hr-°F 

for  PVB 

_ -j  j,  Btu-in 

/ • o . 

ft  -hr-°F 

for  glass 

q 


i 


59  - 40 
(-08)  * 


2.0+T 


nor 

7TPT 


33.5  Btu/(hr-ft2) 


The  temperature  of  the  cockpit  side  of  the  windshield  would  be: 


t . = — L + t. 

si  h . 

U i 


ts1  = + 40  = 57°F 

8. 7. 1.1  Total  Heat  Demand 


The  total  minimum  power  for  the  windshield  is  then  given  by  q. 
This  power  is  provided  by  the  windshield  heater  film  at  the  low 
end  of  its  manufacturing  tolerance. 

qt  = qQ  + qi  = 1171  + 33  = 1204  Btu/(hr-ft2) 
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i 


8.8  Befogging  Requirements 


Assuming  the  windshield  heating  system  is  also  reqc'red  to  provide 
defoggir.g  capability,  the  interior  surface  must  be  maintained  above 
the  cockpit  dew  point. 

The  procedure  used  to  calculate  the  dew  point  temperature  is  shown 
in  example  form. 

The  example  shall  assume  that  water  vapor  is  introduced  by  14 
cabin  occupants  at  the  rate  of  0.5  lb/hr  per  occupant.  The  cabin 
ventilation  system  brings  in  fresh  air  at  the  rate  of  2500  lb/hr. 

The  air  is  assumed  to  be  initially  saturated  at  -4°F  and  is  heated  to 
a cockpit  ambient  temperature  ~f  40°F. 

The  aircraft  specific  humidity  is  given  by: 

MqWv  + N(M) (7000)  (8-22) 


Ms.  = internal  air  specific  humidity, 

Mq  = external  air  specific  humidity,  po^d'Vfr^^ 


Obtain  specific  values  from  psycrometric  charts  as  shown 
in  Figures  8-18  and  8-19. 

Wy  = ventilation  rate,  pounds  of  air  per  hour 
N = number  of  occupants 

M = occupant  moisture  increment, 

Mo  = 4 grains/lb  at  -4°F  from  Figure  8-18 


M , _ 4(2500)  + 1 4 ( . 5 ) (7000 ) _ , grains 

1 " 2500  ' lb 

From  the  psycrometric  chart  in  Figure  8-18,  the  dew-point  temperature 
correspgnding  to  the  internal  specific  humidity  of  23.6  grains/lb  is 
then  30cf,  which  ^s  well  below  the  windshield's  internal  surface 
temperature  of  57°F.  Therefore,  the  surface  will  remain  fog-free. 


si 


where 


Then : 
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Howaver,  critical  antifog  requirements  usually  occur  during  hot,  humid 
conditions  when  the  dew-point  temperatures  are  above  ambient  tempera- 
tures. For  example,  consider  the  following  conditions: 

t = 80° F 

0 

t,  = 80°  F 

1 

relative  humidity  = 1 G0% 

14  cabin  occupants 

ventilation  airflow  = 2500  Ib/hr. 

From  Figure  8-19,  Mq  = 156  grains/lb. 


- immi  ^U(.5)(7QOO)  . 175-6  grains/1b. 


From  the  psychrometric  chart,  Figure  8-19,  the  dew-point  temperature 
corresponding  to  the  internal  specific  humidity  of  175.6  grains/lb  is 
83.5°F.  In  order  to  prevent  condensation,  the  interior  surfacg  must 
be  maintained  at  a temperature  above  the  dew  point  at,  say,  85°F. 


Then  the  internal  heat  flux  is 
q.  = h • it  . -t.) 

q-  = 2.(85  - 80)  * 10  Btu/(hr  - ft') 
and  the  heating  film  temperature  becomes 


= Q-i 


ax 

k 


+ ts 


*f  ■ 10(tf  + 7TT?)  + 85 


86°  F 


Thus,  for  effective  defoggmg,  under  hot,  numid  conditions  the 
minimum  heating  film  switch-on  temperature  must  be  substantially 
greater  than  the  value  determined  for  anti-icing. 


Time  to  Warm  Up 


The  time  required  to  heat  the  windshield  outer  surface  to  35°F  for 
anti -icing  should  be  kept  to  a minimum  to  preclude  an  accumulation  of 
ice  during  flight  into  an  icing  situation.  The  time  interval  can  be 
calculated  with  the  aid  of  Figure  8-20  by  assuming  that  all  heat  flows 
toward  the  outer  ply  and  normal  to  the  windshield. 


Figure  8-20.  Biot  and  Fourier  Relationships  for  Transient  Heat 
Transfer  Problems. 

An  analysis  is  presented  to  show  a typical  warmup  calculation.  The 
following  data  is  giver,. 

Aircraft  speed 

h,  external  convective  heat  transfer 
coefficient 

Outside  ambient  air  temperature 
Outside  windshield  surface  temperature 
A.  thickness  of  outer  glass  ply 
q , heat  flux 

p , density  of  outer  glass  ply 
c , specific  heat  of  glass 
k , thermal  conductivity  of  glass 


a,  thermal  diffusivity  -77- 

LP 

To  use  the  curve,  the  Biot  number,  Fourier  number,  and  dimensi 
term  A are  calculated: 


150  knots 

18  Btu/(hr-ft2-°F) 

-4°F 

10°F 

0.10  in.  7 
1700  Btu(hr-ffr) 
152  lb/ftJ  n 
.20  Btu(lb-°F) 

7.14  B1^~— -- 
ft  -hr-°F 

.019  ft2/hr 
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IfS*.  . 


Biot  number  = ~- 


- 18(.10)  _ 2„ 
7.14  'ac 


Fourier  number  = af-  = _ 283  Q 

(,ior 


. _ h At  _ 18(35  - 10)  _ 

A _ _ _ .264 


where 

8 = time  to  warm  up,  hours 

At  = temperature  rise  of  outside  windshield  surface,  °F 
From  the  curve,  Fourier  number  =1.6 
288  8 =1.6 

8 = .0056  hours  = 20  seconds 

8. 10  Hot  Air  Jet  Blast 

Windshield  anti -icing  is  normally  achieved  through  the  use  of  heated 
windshields.  The  free  moisture  remaining  on  the  windshield  must  be 
removed  to  provide  clear  windshield  vision.  The  hot  air  jet  blast 
water  removal  system  shown  in  Figure  8-21  is  an  alternative  to  wind- 
shield wipers  and  can  be  used  to  fulfill  the  anti-ice  requirement  as 
well.  The  hot  air  jet  blast  system  operates  on  the  principle  of 
directing  a high  temperature,  high  velocity  airstream  across  the  wind- 
shield surface,  thus  deflecting  and  evaporating  moisture  from  the 
windshield  surface.  The  jet  blast  is  obtained  from  engine  compressor 
bleed  air  and  is  activated  on  demand,  minimizing  the  resultant  engine 
performance  penalty. 


•Rectangular  Slot 


Figure  8-21.  Hot  Air  Jet  Anti -Ice  System. 
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The  air  from  the  jet  blast  system  is  sufficiently  warm  as  it 
leaves  the  nozzle  located  at  the  base  of  the  windshield  to  main- 
tain the  surface  temperature  above  the  freezing  point  of  water. 
However,  the  temperature  decreases  very  rapidly  as  the  air  flows 
across  the  windshield.  The  complexity  of  the  interaction  of  the 
hot  air  jet  and  the  cold  air  stream  makes  it  necessary  to  resort 
to  empirical  methods  for  predicting  the  jet  temperature  and 
velocity.  Reference  9 provides  data  showing  the  relationship 
between  jet  blast  velocity*  weight  flow  and  temperature  for 
several  visibility  conditions  and  nozzle  configurations.  The 
data  allows  the  designer  to  determine  parametric  relationships 
involved  in  obtaining  good  visibility.  Purely  analytical  re- 
lationships are  also  available  in  Reference  3. 

Some  typical  performance  data  for  the  windshield  configuration 
shown  in  Figure  8-22  is  plotted  in  Figure  8-23.  The  windshield 
surface  temperature  is  shown  as  a function  of  distance  from  the 
nozzle  in  Figure  8-24  for  a velocity  of  829  ft/sec.  The  nozzle 
was  a thin,  continuous  rectangular  slot  located  at  the  base  of 
the  windshield  and  oriented  so  that  the  lower  edge  discharging 
the  air  was  flush  with  the  windshield  surface. 


Jet  Blast  — 

Temperature ( F ) ~~ 
360 


Symbols 

450  Jet  Blast  Weight 
400  Flow (lb/  min-in) 
50 


O 7.0 

o 4.5  Rain 

O 2.0 


O 


200 

Windshield 
Surface  160 
Temperature , 

120 


EpnllH 

n^saum 


10  12  14  16  18  __  — 

Distance  Downstream  From  Jet  Blast  Nozzle,  inches 

Data  from  Ref.  9 


Figure  8-24.  Windshield  Surface  Temperature  as  a Function  of 
Air  Temperature  and  Distance  From  Nozzle  Under 
Moderate  Rain  Conditions  at  140  Knots. 
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ELECTRICAL  HEATING  SYSTEMS 


Electrical  resistance  heating  is  one  of  the  most  common  methods  for 
preventing  ice  buildup  on  aircraft  windshields.  Electric?'  power 
is  converted  to  heat  by  applying  a voltage  to  a conductiv.  'ilm  or 
series  of  fine  wires  embedded  within  the  transparency.  This  section 
provides  guidance  for  the  design  and  control  of  electrical  windshield 
heating  systems. 

9.1  Heated  Area 

Heated  areas  should  be  as  nearly  rectangular  in  shape  as  possible 
while  meeting  visibility  requirements  for  icing  or  fogging  conditions. 
Other  shapes  may  necessitate  graded  resistance  coatings  that  are  more 
difficult  to  manufacture  and  can  result  in  uneven  heating.  Rectangu- 
lar heated  areas  simplify  the  design,  fabrication,  and  quality  control 
operations  with  consequent  cost  savings  and  reductions  of  defects. 

9.2  Bus-Bar  Spacing 

For  a given  power  density,  the  bus-bar  spacing  affects  the  relation- 
ship between  power  supply  voltage  and  the  conductive  surface  re- 
sistivity as  shown  in  equation  9-1. 


where 

2 

P = power  density,  watts/in 
V = applied  voltage,  volts 
r = resistivity,  ohms/square 
L = bus-bar  spacing,  in 

Large  heated  areas  with  wide  separated  bus-bars  require  thick,  low 
resistance  coatings  that  have  h;gh  light  transmission  losses.  This 
can  be  avoided  by  the  use  of  power  transformers  to  step  up  the  supply 
voltage,  but  the  weight  penalty  is  severe. 

9.3  Nominal  Voltage 

The  electrical  power  supply  for  windshield  heating  will  normally  be 
three-phase,  400  Hz  at  a nominal  voltage  of  115/200  volts  rms.  The  per- 
formance characteristics  for  this  power  are  in  accordance  with  the 
limits  of  MIL-STD-704A,  Category  B,  which  refers  to  the  power  at  the 
input  terminals  of  the  equipment  (in  the  case  of  windshield  heating 
systems,  at  the  temperature  controller).  Am  additional  voltage  drop 
may  occur  between  the  controller  input  and  the  windshield  itself. 

For  modern  solid-state  controllers  the  additional  voltage  drop  will 
be  up  to  2 volts  rms  line-to-neutral , or  3 volts  rms  I ine-to-line. 
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In  special  cases,  when  the  heated  area  is  very  large,  higher 
voltages  may  be  required.  The  transformers  or  autotransformers 
required  to  step  up  the  voltage  must  then  be  part  of  the  wind- 
shield heating  system.  Such  nonstandard  voltages  should  be  avoided 
because  of  the  weight  and  cost  penalties  involved; 

In  other  cases,  when  the  aircraft  has  a prime  direct  current  (dc) 
electric  power  system,  it  may  be  necessary  to  use  28V  dc  supplies. 

For  this  low  voltage,  heating  films  become  very  thick,  which  re- 
duces light  transmission.  With  existing  materials,  the  lowest 
practical  surface  resistivity  for  a heating  film  is  about  3 ohms  per 
square.  Therefore,  unless  an  alternative  imbedded  wire  heating  sys- 
tem or  power  transformers  are  used  to  step  up  the  supply  voltage,  the 
dc  systems  are  normally  restricted  to  small  areas  of  coverage. 

The  characteristics  of  the  dc  power  will  be  in  accordance  with 
MIL-STD-704A,  Category  B. 

9.4  Phase  Configuration 

Windshield  heating  equipment  shall  conform  to  the  requirements  of  MIL- 
STD-704A.  This  standard  calls  for  three-phase  loading  for  all  loads 
exceeding  500  volt- amperes,  and  when  practicable,  for  smaller  loads. 
Each  windshield  must  contain  its  own  three-phase  power  elements.  It 
is  normally  unacceptable  to  use  separate  single-phased  windshields 
where  each  one  is  connected  to  a different  phase  of  the  aircraft 
power  supply,  because  the  temperature  controllers  will  switch  the 
power  on  at  different  times,  resulting  in  an  unbalanced  phase  loading. 


Windshield  loads  may  be  ^.ifigured  for  Y or  delta  type  connections  in 
order  to  provide  the  mo.  convenient  phase  voltage.  In  Figure  9-1 
the  Y configuration  provides  115V  ac  to  each  heated  section,  while 
the  delta  connection  applies  200  V ac. 


Figure  9-1.  Comparison  of  Y and  Delta  Electrical  Systems. 


160 


Sa-.  : 


H*_- * 


9.5  Phase  Resistance  and  Applicable  Tolerance 


The  phase  resistance,  also  known  as  the  bus-to-bus  resistance,  must 
be  controlled  to  ensure  that  the  minimum  required  power  density  can 
be  achieved.  The  highest  permissible  resistance  is  selected  so  that 
the  resulting  minimum  average  power  density  is  adequate  to  achieve 
the  anti-icing  function.  Procedures  for  calculating  power  density 
requirements  are  given  in  the  Anti-Ici^g  section  of  this  manual. 
These  requirements  are  given  in  Btu/ft  - hr  and  must  be  multiplied 
by  2.04  x 10  to  obtain  watts/in  . 


Allowance  should  be  made  in  the  calculation  for  the  lowest  supply 
voltage,  allowing  for  the  drop  at  the  temperature  controller* 

( v \2 

Thus,  R =■  \ min; 


W . A 
min 


where  V . is  the  lowest  supply  voltage  (volts) 
min 


W^in  is  the  minimum  average  power  density  (watts/in  ) 


is  the  heated  area  (in  ) 


is  the  maximum  allowable  resistance  at  the  operating 


temperature  of  the  conducting  element  (ohms) 


The  lowest  permissible  resistance  is  determined  by  che  accuracy  of 


the  fabrication  process,  which  is  normally  in  the  range  of  ± 10% 
to  ± 15%  at  room  temperature  (70  to  75  F) . The  tolerance  range  should 


be  as  small  as  possible  to  prevent  unnecessarily  high  peak  power 
demands  on  the  helicopter's  electric  power  system  and  temperature 
controller. 


9.6  Permissible  Phase  Loading  Unbalance 


The  variation  of  resistance  between  phases  of  a three-phase  heating 
system  shall  be  controlled  to  meet  the  requirements  of  MIL-STD-704A 
for  phase  loading  unbalance.  This  standard  requires  that  the  volt- 
ampere  difference  between  the  highest  and  lowest  phase  loading  values 
shall  be  less  than  the  limits  specified  in  Figure  9-2.  Balanced 
phase  voltages  may  be  assumed  for  this  calculation.  For  windshields 
drawing  less  than  3.5  kilowatts,  this  requirement  will  be  met  by 
phase  resistances  that  are  within  ±15%  of  the  nominal  value. 


Excessive  variations  in  the  resistance  of  the  phases  will  lead  to 
nonuniform  heating  of  the  windshield.  Temperature  uniformity  re- 
quirements and  their  relation  to  power  dissipation  are  discussed  in 
the  Anti-Icing  section  of  this  manual. 


9.7  Electrical  Terminations 


Electrical  terminations  for  the  power  bus-bar  and  for  the  temperature 
sensors  can  be  of  several  types.  The  most  common  is  a terminal  block 
having  threaded  holes  for  each  connection.  This  type  has  given 
satisfactory  service  when  securely  bonded  to  the  transparency,  al- 
though some  malfunctions  have  occurred  due  to  poor  bonds.  A cover 
plate  can  be  used  over  the  terminations,  or  the  live  leads  can  be 
covered  by  a rubber  boot  that  is  part  of  the  wire  termination  as- 
sembly. Self  leads  (pigtails)  connected  to  the  airframe-mounted 
terminal  blocks  have  also  bean  used  but  have  a disadvantage  in  that 
a broken  or  damaged  wire  necessitates  the  removal  and  replacement 
of  the  transparency. 


Data  From  Ref.  1 

Figure  9-2.  Unbalance  Limits  for  Three-Phase  Utilization  Equipment. 
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Consideration  should  be  given  in  new  desians  to  the  use  of  terminal 
junction  modules  similar  to  those  specified  in  MIL-T-817H.  The 
junction  modules  feature  an  environmental  sealing  capability,  and  the 
airframe  wire  is  terminated  in  a crimp  contact  using  the  same  tools 
as  aircraft  connectors.  The  possibility  of  a poor  or  open  contact 
is  reduced  because  the  wire  terminal  is  locked  in  position,  requiring 
no  loose  components,  such  as  lockwashers. 

Figure  9-3  shows  the  screw~type  and  junction  module  termination. 
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Figure  9-3.  Windshield  Electrical  Terminals. 


A common  arrangement  of  bus-bars  in  a three-phase  heated  windshield 
is  shown  in  Figure  9-4.  Four  power  terminals  are  required,  even 
though  two  of  them  are  connected  to  the  same  phase.  Two  additional 
terminals  are  required  for  each  temperature  sensing  element.  The 
termination  for  the  sensor  should  be  configured  so  that  the  wiring 
cannot  be  cross  connected  with  the  power  wiring.  This  can  be  dona 
through  use  of  different  size  screw  threads  for  threaded  terminals 
or  different  contact  sizes  for  terminal  junction  blocks.  Terminals 
are  conveniently  located  in  the  corners  where  their  effect  on 
visibility  is  least,  noticeable.  All  terminals  must  be  numbered 
to  identify  the  connections  required  to  aii frame  wiring.  Figure  3-4 
also  shows  the  deletion  lines  that  provide  insulation  between  the 
adjacent  heated  phases,  by  leaving  gaps  0.03  to  0.10  inch  wide  in 
the  conductive  film. 


Figure  9-4.  Bus-Bars  and  Terminals  for  Three-Phase  Electrically 
Heated  Windshield. 
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9.8  Temperature  Sensing  Elements 

A fixed  power  level  for  windshield  heat  is  impractical  because  a power 
density  that  will  prevent  ice  formation  under  the  worst  conditions  of 
temperature  and  aircraft  speed  will  result  in  severe  overheating  in 
less  extreme  conditions.  It  is  normal,  therefore,  to  employ  a tempera- 
ture control  system  that  responds  to  signals  from  one  or  mere  tempera- 
ture sensors  embedded  in  the  windshield.  The  usual  practice  is  to 
provide  a single  sensor  and  a controller  that  shuts  off  power  if  the 
sensor  or  its  leads  become  open  or  short  circuited. 

A second  sensor  may  be  mounted  in  the  windshield  and  used  as  an  over- 
t.emperature  detector  that  either  warns  the  crew  or  automatically  turns 
off  the  electric  power.  n some  cases,  an  extra  sensor  is  provided 
to  permit  continued  use  or  a windshield  with  a failed  sensor. 

Multiple  sensors  are  also  used  when  it  is  expected  that  the  temperature 
distribution  over  the  windshield  surface  will  be  nonuniform.  This 
condition  may  be  anticipated  if  the  windshield  curvature  or  outline 
shape  makes  the  control  of  conductive  coating  thickness  difficult, 
or  if  variable  or  extremely  uneven  heat  losses  may  occur  in  flight. 

When  multiple  sensors  are  used,  they  are  connected  in  parallel  so 
that  the  power  controller  responds  to  the  average  output  and  thus  to 
the  approximate  average  temperature  of  the  sensors.  In  cases  where 
uniform  heating  is  difficult  to  achieve,  sensor  locations  may  be 
determined  on  the  basis  of  tests  on  individual  units.  The  location 
must  also  satisfy  the  requirements  for  power  constants  as  discussed 
in  the  Anti -Icing  section  of  this  handbook. 

Wire  filament  temperature  sensors  suitable  for  helicopter  windshields 
are  commercially  available  and  have  given  satisfactory  service.  They 
consist  of  fine  resistance  wire  formed  into  grids  and  mounted  in  thin 
transparent  plastic  sheets,  with  areas  up  to  about  one  square  inch. 

They  can  be  mounted  very  close  to  the  conductive  coating,  and  this, 
together  with  their  low  thermal  inertia,  minimizes  thermal  lag.  The 
sensor  resistance  increases  with  temperature  as  shown  on  Figure  9-5. 
which  also  indicates  a typical  tolerance  band.  Thermistors  are  also 
suitable  as  sensors  in  interlayers  thick  enough  to  accommodate  them, 
but  they  suffer  from  increased  thermal  lags  because  of  their  greater 
masses. 
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Figure  9-5.  Typical  Sensor  Resistance/Temperature  Characteristics 


9.9  Temperature  Controller  Switch  Points 


lhe  temperature  at  which  power  is  switched  on  and  off  is  determined 
by  considering  the  maximum  heating  film  temperature  to  which  the 
windshield  materials  can  be  exposed  and  subtracting  from  that  tempera- 
ture the  various  tolerances  within  the  system. 


Table  9-1  shows  a typical  error  analysis  used  to  determine  the  maximum 
"hot-spot"  temperature.  A similar  analysis  can  be  performed  to  predict 
the  minimum  "cold-spot"  temperature,  using  the  switch-on  point  of  the 
controller. 
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TABLE  9-1.  TYPICAL  TOLERANCE  ANALYSIS  FOR  TFMPERATURE  SWITCH-OFF  POINT  (cont. ) 
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Margin  for  variation  in  Airflow  characteristics  determined 

convective  heat  transfer  from  wind  tunnel  data 
coefficient 
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The  benefits  of  the  gradual  warm-up  procedure  are  not  well  established, 
and  the  approach  is  not  often  used  because  of  the  cost  and  weight 
penalties  for  the  power  controller. 

The  differential  between  the  turn-on  and  turn-off  points  (shown  in 
Figure  9-6)  is  selected  by  a compromise  between  conflicting  re- 
quirements. A low  differential  is  desirable  to  maintain  the  average 
temperature  as  high  as  possible  without  overheating  at  the  hot  spot. 
Since  the  rate  of  cooling  after  the  power  shutoff  is  determined  onl.v 
by  thermodynamic  factors,  a very  low  differential  leads  to  a high 
cycling  rate  that  can  cause  voltage  modulation  of  the  power  supply 
and  reduce  the  life  of  contacts  in  a relay- type  power  controller. 
Experience  has  shown  that  a differential  of  5 to  10°F  gives  acceptable 
results.  Systems  with  solid-state  power  controllers  are  not  life- 
limited  by  the  cycling  rate  and  a lower  differential  can  be  used. 
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All  three  types  of  power  controllers  can  respond  to  a multiposition 
switch  to  produce  intermediate  levels  of  power.  MIL-T-5842  requires 
a three-position  switch  (off-low-high)  for  anti-icing  systems.  The 
reduced  average  power  can  be  controlled  by  switching  a bias  resistor 
into  the  controller's  circuit  in  response  to  the  temperature  sensor, 
so  that  the  temperature  is  regulated  at  the  intermediate  level  se- 
lected. Figure  9-7  shows  a block  diagram  of  a typical  windshield 
heating  system  and  power  controller. 

9.11  Fault  Protection 


It  is  obviously  desirable  to  prevent  damage  to  a transparency  from 
overheating  due  to  failure  in  the  temperature  sensing  system  or  in  the 
power  controller.  Protection  against  this  failure  mode  can  be  pro- 
vided with  relatively  little  added  complexity.  For  a system  with  a 
single  temperature  sensor,  protection  is  provided  in  the  controller 
by  shutting  off  the  output  power  if  the  sensor  or  its  leads  become  open 
or  short  circuited.  Similar  protection  can  be  achieved  by  adding 
an  overheat  detection  sensor  operating  on  a separate  control  circuit 
in  the  power  controller. 
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Solid  state  power  controllers  using  silicon-controlled  rectifiers 
(SCR)  or  triacs  as  power  switches  have  many  advantages  over  relay- 
type  power  switches,  including  improved  life  and  reduced  radio 
frequency  interference  (RFI).  However,  they  are  more  likely  to  mal- 
function in  the  power-on  condition  than  are  relays,  as  a result  of  short- 
circuited  semiconductors.  It  is  therefore  recommended  that  an 
auxiliary  relay  be  included  in  the  power  controller  that  will  open  if 
the  output  becomes  uncontrolled.  This  can  be  accomplished  as 
explained  below. 

The  fault  detector  circuit  shown  in  Figure  9-7  compares  the  switch 
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commar-4  signal  to  the  power  output  and  opens  the  relay  coil  circuit  if 
the  t is  on  when  commanded  to  be  off.  The  inclusion  of  the  relay 
does  not  significantly  reduce  the  life  of  the  controller  because  in 
normal  operation  it  does  not  switch  the  power  current.  If  the  relay 
is  connected  and  controlled  as  shown,  it  is  open  when  the  crew  control 
switch  is  off,  so  that  power  is  not  applied  to  the  RFI  filters  or 
semiconductors  when  the  system  is  not  in  use.  Filter  capacitors  will 
have  longer  lives,  and  the  chance  of  the  semiconductor  being  damaged 
by  unusual  spikes  or  surges  from  the  power  supply  is  reduced. 


9.12  Weight  of  Electrical  Provisions 

The  electrical  provisions  for  a heated  windshield  include  the  power 
controller,  the  circuit  breakers,  switches,  and  the  interconnecting 
wiring.  The  power  controller  for  each  windshield  will  usually  weigh 
between  2 and  3 lbs,  depending  on  the  power  rating  and  protection 
features  incorporated.  The  circuit  breakers  and  control  switch  with 
mounting  provisions  will  have  a total  weight  of  approximately  0.5  lb 
per  windshield.  The  wiring  weight  will  range  between  0.02  Ib/ft  for 
each  windshield  system  less  than  2 kilowatts,  and  0.05  Ib/ft  for 
6 kilowatt  systems.  In  most  helicopters,  the  wiring  run  from  the 
distribution  area  (circuit-breaker  panel)  to  the  controller  and  on 
to  the  windshield  will  be  less  than  15  feet. 


There  is  also  a weight  penalty  in  the  electric  power  generation 
system  since  the  generators  must  be  sized  to  provide  additional 
power.  The  influence  of  windshield  anti -icing  on  overall  electric 
power  system  weight  cannot  be  adequately  defined  by  a simple 
factor  of  lb/KW  load,  since  the  presence  or  absence  of  anti-icing 
loads  is  a major  factor  in  electrical  system  basic  design.  However, 

3 lb/KW  may  be  used  as  a general  guide  for  the  electrical  system  weight 
penalty  for  helicopters  with  prime  AC  power  systems,  when  windshield 
heating  is  a required  load  for  mission  completion. 
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10.0 


RAIN  REMOVAL  SYSTEMS 


Windshield  wipers,  electrically  or  hydraulically  driven,  form  the 
mainstay  of  helicopter  rain  removal  systems.  When  used  with  washer 
systems,  they  can  remove  salt  spray  and  insect  deposits  from  the 
windshield. 

Jet  air  blast  systems  have  replaced  windshield  wipers  on  high- 
performance  aircraft  where  wipers  lose  much  of  their  effectiveness. 

In  this  system,  high- temperature,  high-velocity  air,  bled  from  the 
engine  compressor,  is  blown  across  the  windshield  to  deflect  and 
evaporate  moisture  from  the  surface. 

Chemical  rain  repellents  are  also  employed,  blit  usually  only  to 
supplement  one  of  the  other  two  systems.  Two  types  of  repellents  are 
in  use.  The  first  is  semipermanent  and  is  applied  while  the  aircraft 
is  cn  the  ground.  The  second,  a newer  development,  is  a liquid  that 
can  be  applied  in-flight  and  enhances  water-repel lancy  temporarily. 

10.1  Rain  Intensities 


A rain  removal  system  should  operate  effectively  over  a range  of 
conditions  likely  to  be  encountered  in  service.  Different  possible 
rain  conditions  are  given  in  Table  9-1.  The  capability  to  clear  a 
windshield  during  excessive  rain,  1.6  inches  per  hour,  is  normally 
chosen  as  a practical  upper  limit  for  a wiper  system.  During  cloud- 
burst conditions  wipers  have  only  limited  capabilities. 


TABLE  10-1.  RAIN  INTENSITIES  AND  VISIBILITY 


Rain  Droplet 
Rain  Intensity  Diameter 

Classification  (in/hr)  (microns) 


Water  Visibility 

Content  Nautical  Statute 

(mg/ni  ) miles  miles 


Clear 

- 

- 

0.00 

- 

- 

Fog 

- 

70 

6.00 

- 

- 

Mist 

0.002 

100 

55.5 

- 

- 

Drizzle 

0.1 

200 

92.6 

- 

- 

Light  Rain 

0.4 

450 

138.  S 

7.5 

8.62 

Moderate  Rain 

0.16 

1000 

277.8 

2.7 

3.11 

Heavy  Rain 

0.59 

1500 

833.3 

0.93 

1.07 

Excessive  Rain 

1.6 

2100 

1851.9 

0.49 

0.56 

Cloudburst 

4.0  to 

3000 

4000 

0.25 

0.29 

50.0 

- 

35000 

- 

- 

Data  from  Ref  1. 
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10-2  Windshield  Wipers 
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Figure  10-1,  Windshield  Wiper  With  Aerodynamic  Deflector. 


The  direction  of  water  flow  across  a windshield  is  usually  upward 
and  outboard.  Therefore,  the  wiper  axis  should  be  located  near 
the  lower  inboard  corner  of  the  windshield  to  reduce  the  mechanical 
effort  required.  A wiper  pivoting  about  the  lower  outboard  corner 
will  oppose  t.he  air  and  water  stream  on  the  downward  stroke, 
and  in  addition,  the  water  will  follow  the  wiper  blade  closely  on  the 
upward  stroke,  reducing  the  wiper's  effectivensss.  The  latter  problem 
can  sometimes  be  overcome  by  the  use  of  deflectors  at  the  base  of 
the  windshield  to  draw  off  the  water  pushed  down  by  the  blade,  although 
deflectors  will  increase  the  system's  drag. 

When  not  in  operation,  wipers  should  be  parked  vertically  to  avoid 
accumulating  dirt  and  debris.  A parking  position  on  the  windshield 
post  has  an  advantage  in  that  the  blade  will  not  obstruct  the  pilot's 
view. 

The  general  specification  for  airplane  windshield  wipers,  MIL-W-7233A, 
specifies  a minimum  sweep  speed  of  160  strokes  per  minute.  However, 
experience  has  shown  that  helicopters,  with  their  relatively  lower 
airspeeds  and  hence  reduced  raindrop  impingement,  can  satisfactorily 
clear  the  required  1.6  inches  of  rain  per  hour  at  160  strokes  per 
minute  and  do  not  require  higher  speed  position.  High  speeds  are  not 
recommended  since  wipers  become  noisy  at  high  sweep  speeds.  A stroke 
is  defined  as  the  motion  of  the  wiper  blade  sweep  from  one  extreme 
position  to  the  other. 

The  suggested  minimum  wiper  cleared  area  of  a windshield,  from 
Reference  2,  is  a section  10  degrees  up  to  15  degrees  down  arid  be- 
tween 15  degrees  left  and  15  degrees  right,  or  an  equivalent  area. 
Angles  are  taken  from  the  pilot's  design  eye  position  with  respect 
to  a horizontal  plane  and  a vertical  plane  parallel  to  the  aircraft's 
longitudinal  axis. 

10.3  Jet  Air  Blast 


Jet  air  blast  systems  offer  two  distinct  advantages  over  wipers  that 
could  make  them  desirable  systems  for  particular  helicopter  ap- 
plications. 

Jet  air  blast  eliminates  abrasion  problems  coirmon  to  plastic  wind- 
shields and  also  provides  an  inherent  anti-icing  capability  in  ad- 
dition to  rain  removal.  A complete  discussion  of  jet  air  blast 
systems  is  included  in  the  Anti-Icing  section  of  this  handbook. 


10.4  Rain  Repellent? 

A rain  repellent,  applied  as  a thin  film  on  the  surface  of  a 
windshield,  increases  the  windshield's  surface  tension.  As  a 
result  of  the  higher  surface  tension,  water  will  not  adhere  to 
the  glass  and  beads  up  into  droplets.  These  droplets  have  small 
contact  areas  with  the  surface  and  large  areas  exposed  to  the 
air  stream,  and.  are  therefore  easily  blown  off  the  windshield 
The  area  between  droplets  remains  dry  and  clear,  as  can  be 
in  Figure  10-2.  Used  in  conjunction  with  windshield  wipers 
cloudburst  conditions  can  even  be  coped  with. 
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Figure  10-2.  View  of  Grid  Through  Sample  Windshield  Under  Simulated 
Rainfall  of  3 Inches  per  Hour.  Center  Section  Treated 
With  a Chemical  Rain  Repellent. 

The  exact  composition  of  a chemical  rain  repellent  is  usually  a com- 
mercial secret,  but  silicone  titanate  copolymers,  di si  lane  compounds, 
and  fluorochemicals  have  all  been  used.  Some  repellents  are  suit- 
able for  glass  and  plastic  windshields,  while  others  are  specifically 
intended  for  use  with  one  type  or  the  other.  Plastic  windshields 
are  naturally  water-repellent  when  clean,  so  the  improvement  attained 
is  usually  less  marked  than  with  glass. 

Operationally,  rain  repellents  are  of  two  types:  those  applied  to 
the  windshield  by  hand,  on  the  ground,  and  those  sprayed  onto  the 
windshield  as  required  during  flight  through  rain.  The  choice  be- 
tween hand-applied  or  in-flight-applied  repellent  depends  upon  the 
role  of  the  aircraft. 

Manual  application  of  rain  repellents  is  time-consuming  and  the  period 
of  effectiveness  limited.  Reapplication  depends  upon  weather  con- 
ditions and  aircraft  usage,  but  typically  is  necessary  every  25  flying 
hou^s  or  3 weeks.  Since  the  repellent  film  is  transparent  and  un- 
detectable in  clear  weather,  there  is  always  the  possibility  of  neg- 
lecting to  renew  the  film  prior  to  actual  need.  This  means  the  actual 
need  for  a rain  repellent  has  to  be  anticipated  prior  to  flight,  and 
the  film  checked  and  replenished  if  necessary.  Some  operators  prefer 


in-flight  application  systems  since  these  eliminate  the  necessity 
for  arranging  routine  applications  when  the  aircraft  is  away  from 
base.  However,  in  the  Armed  Services,  routine  application  of  a hand- 
applied  repellent  is  more  easily  controlled,  and  there  has  not  yet 
been  a strong  demand  for  in-flight  application  systems. 

Both  'ypes  of  rain  repellent  have  the  added  advantages  that  salt 
spray  and  insect  debris  adhere  less  to  treated  surfaces  and  the 
buildup  of  ice  deposits  is  also  retarded.  Their  primary  drawback, 
which  is  preventing  more  widespread  use,  is  that  they  are  not  ef- 
fective in  light  rain.  Also,  some  compounds  will  produce  a haze 
that  will  degrade  vision  when  applied  to  a dry  or  only  slightly 
wet  windshield. 


10.5  Systems  Comparison 


The  relative  advantages  and  disadvantages  of  the  rain  clearance 
systems  are  summarized  in  Table  10-2. 
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11.0 


TRANSPARENT  ARMOR 


The  helicopter  has  played  an  increasingly  important  role  in  modern 
warfare.  Expanded  combat  area  mission  requirements  have  exposed  the 
helicopter  to  greater  levels  of  hostile  fire.  Helicopters  used  for 
search  ami  rescue,  attach,  or  other  close-proximity  missions  are  out- 
fitted with  high-performance  opaque  armor  to  reduce  vulnerability. 

This  armor  protects  critical  aircraft  components  and  has  also  been 
built  into  aircrew  seats.  Unfortunately,  the  transparent  glazings 
required  for  helicopter  operation  represent  very  large  areas  of  ballis- 
tic vulnerability.  Only  limited  quantities  of  opaque  armor  covering 
the  vulnerable  glazing  areas  can  be  tolerated  without  impairing  visi- 
bility. Because  of  visibility  requirements,  the  pilot's  head  is 
virtually  unprotected,  resulting -in  a-  large  percentage  of  combat  ■ 
wounds  occurring  in  the  head  and  neck  area. 

A solution  to  maintaining  high  levels  of  visibility  while  reducing 
ballistic  vulnerability  is  the  incorporation  of  transparent  armor. 
However,  the  weight  and  spatial  accommodation  required  to  add  trans- 
parent armor  were  prohibitive.  For  these  reasons  . the  selection  of 
helicopter  glazing  materials  for  ballistic  properties  had  been 
limited  primarily  to  consideration  of  relative  spall  resistance. 

Recent  advances  in  the  state  of  the  art  have  made  transparent  armor 
a more  practical  alternative  for  protection  against  small  arms  fire 
and  fragmentary  explosives. 

11.1  Threat  Specification 

Design  of  transparent  armor  begins  with  an  analysis  of  the  threat  en- 
vironment in  which  the  aircraft  is  expected  to  operate  and  the  specifi- 
cation of  the  threats  that  the  armor  must  defeat.  The  threat  level 
must  be  specified  in  order  to  design  armor  that  will  be  adequate 
and  lightweight.  The  threat  level  involves  types  of  projectiles  used 
in  tactical  areas,  their  probable  muzzle  velocities,  the  altitude  and 
attitude  of  the  aircraft  when  entering  the  ballistic  environment,  and 
the  position  of  the  transparent  armor  in  relation  to  the  direction 
of  threat.  From  this  information,  the  velocities  and  obliquities  of 
certain  expected  types  of  ammunition  can  be  determined  at  the  point  of 
impact  on  the  armor.  Table  11-1  identifies  some  typical  threats  and 
their  range-velocity  relationships. 

The  ballistic  protection  limit  of  a panel  for  a specific  threat  and 
obliquity  is  given  as  a velocity.  Typically  chosen  for  a design 
protection  limit  is  VrQ,  the  velocity  at  which  a projectile  has  a 
50%  chance  of  effecting  a complete  penetration  of  the  armor.  The  V5Q 
of  a panel  is  determined  by  ballistic  test.  V50  is  calculited  as  tne 
average  of  four  fair  impact  velocities  comprising  the  two  lowest  velo- 
cities resulting  in  complete  penetration  and  the  two  highest  velocities 
resulting  in  partial  penetration  of  the  armor.  A maximum  spread  of 
150  feet  per  second  is  allowed  between  the  highest  and  lowest  velocities 
employed  in  the  calculation. 
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A complete  penetration  is  defined  as  having  occurred  when  the  bullet 
core  or  core  fragments  completely  penetrate  the  armor  being  tested 
or  when  a 0.020- inch- thick  sheet  of  cellulose  acetate  mounted  paral- 
lel to  and  6 inches  behind  the  armor  is  cut  or  opened  by  t' a bul- 
let core,  core  fragments,  or  pieces  of  the  armor.  Any  fair  impact 
that  is  not  a complete  penetration  is  considered  a partial  penetration. 
A fair  impact  occurs  when  an  unyawed  projectile  strikes  an  unsupported 
area  of  the  ballistic  test  sample  at  a location  where  there  is  at 
least  6 inches  of  undamaged  material  in  any  direction  around  the 
point  of  impact. 

11.2  Transparent  Armor  Materials 

The  ballistic  properties  of  traditional  helicopter  glazing  materials 
and  glass/plastic  composites  are  summarized  below. 

11.2.1  Monolithic  Plastics 

Acrylic  does  not  offer  ballistic  defeat  capability  at  any  reasonable 
thickness. 


Polycarbonate  (MIL-P-83310)  has  better  ballistic  properties  than  any 
of  the  acrylic  materials.  It  does  not  offer  significant  ballistic 
defeat  capability  at  reasonable  thickness,  but  the  nonspalling  charac- 
teristics are  very  good.  The  material  exhibits  unusual  toughness 
and  effectively  resists  crack  propagation.  Projectile  penetration 
often  results  in  a hole  smaller  than  the  projectile  with  minimal 
glazing  material  removal.  Polycarbonate  has  been  extensively  used 
as  the  backing  ply  of  high-performance  glass/plastic  composite  armor. 

11.2.2  Laminated  Plastics 

Laminated  plastics  do  not  offer  ballistic  defeat  capabilities  at 
reasonable  areal  densities,  although  a laminated  system  utilizing  a 
brittle  acrylic  facing  and  a ductile  polycarbonate  backing  can  exhibit 
ballistic  resistance  up  to  45%  higher  than  the  polycarbonate  alone. 

For  example,  under  ballistic  impact  of  a .22-caliber,  17-grain, 
fragment-simulating  projectile  (FSP),  acrylic  behaves  in  a brittle 
fashion  and  undergoes  cracking  and  spallation.  Polycarbonate,  on  the 
other  hand,  is  ductile,  does  not  spall,  and  fails  in  shear. 

The  ballistic  performance  of  clamped  acryl ic/pplycarbonate  laminates 
over  a range  of  relative  compositions  is  shown  in  Figure  11-1.  The 
extreme  le£t  of  the  figure  shows  the  ballistic  resistance  of  100% 
acrylic  with  VrQ  = 1040  feet  per  second.  At  the  extreme  right  is  the 
ballistic  resistance  of  100%  polycarbonate,  Vrf.  - 1100  feet  per  second. 


TABLE  11-1.  RANGE  VELOCITY  CHARACTERISTICS, 
KINETIC  ENERGY  (SOLID  CORE)  AMMUNITION 


• » 

Remarning-Ve^oc-ity  (ft/sac.)  At  Specific 

Distance 

Target 

Distance 

Yards 

Cal  .30 
Ball  M2 

Cal  .30 
AP  M2 

Cal  .50 

AP  M2 

(45"  Barrel) 

14. 5mm 

API-B32 

Soviet 

20mm 

AP  M75 

23mm 

API-T  BZT 
Soviet 

0 

2800 

2760 

2940 

3280 

2620 

3280 

100 

2565 

2560 

2800 

3130 

2455 

3120 

200 

2325 

2360 

2680 

3000 

2320 

2975 

300 

2090 

2165 

2560 

2870 

2170 

2830* 

400 

1865 

1985 

2445 

2750 

2050 

2690 

500 

1650 

1800 

2320 

2630 

1920 

2560 

600 

1450 

1640 

2220 

2520 

1800 

2420 

700 

1270 

1490 

2100 

2410 

1695 

2290 

800 

1125 

1340 

1990 

2310 

1590 

2160 

900 

1010 

1220 

1880 

2200 

1500 

2030 

1000 

940 

1130 

1780 

2100 

1400 

1910 

1500 


1300 

V50 

( ft/ sec ) 

1100 


900 

0 25  50  75  100 

Percent  Polycarbonate 

Figure  11-1.  Ballistic  Behavior  of  38  cz/sq  ft  Acrylic-Polycarbonate 
Laminates  (17-Grain  Fragment  Simulators). 


Data  from  Ref.  2 


Acrylic  Facing 


Polycarbonate  Facing 
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It  was  found  that  a clamped  system  with  the  acrylic  facing  the  in- 
coming threat  showed  a higher  ballistic  resistance  than  either  mater- 
ial alone.  A clamped  system  with  the  polycarbonate  toward  the  in- 
coming threat  showed  a lower  ballistic  resistance  than  either  material 
alone. 

• . . » *5  • * ♦ ** 

These  results  can  be  explained  by  examining  the  failure  mechanisms  of 
the  two  materials.  The  brittle  acrylic  facing  shattered  and  spread 
the  impact  over  a wide  area.  The  ductile  polycarbonate  backing  then 
served  to  absorb  the  impact  and  prevent  the  facing  material  from 
spalling.  However,  with  the  more  ductile  polycarbonate  facing  toward 
the  incoming  threat,  the  impact  was  not  spread  so  efficiently  and 
the  brittle  acyrlic  backing  had  a tendency  to  spall.  Hence,  the  poly- 
carbonate- fac'ed  system  exhibited  a poorer  ballistic  resistance. 

In  order  to  be  useful  in  aircraft  applications,  the  laminates  must  be 
bonded,  either  thermally  or  by  an  adhesive  interlayer.  It  was  found 
that  the  thermal  bonding  of  the  two  layers  or  the  use  of  a brittle 
adhesive  interlayer  degraded  the  ballistic  resistance  of  the  system 
by  causing  brittle  failure  and  spallation  of  the  polycarbonate  backing. 
However,  the  use  of  a flexible  adhesive  interlayer  enhanced  the  bal- 
listic resistance  between  15  and  45%  over  that  of  polycarbonate  alone. 

11.2.3  Laminated  Glass 

This  material  (MIL-G-5485C)  has  a density  of  approximately  13  pounds 
per  square  foot  per  inch  of  thickness.  As  can  be  seen  in  Figure  11-2, 
the  weight  penalty  associated  with  providing  adequate  protection  for 
large  transparent  areas  could  become  prohibitive.  Backside  spalling 
is  a problem  also  associated  with  laminated  glass  armor  and  can  be 
very  severe  if  the  glazing  is  overpowered  and  penetrated.  Post-hit 
visibility  will  also  be  poor  if  fully  tempered  small  dice-glass  is 
used. 

11.2.4  Laminated  Glass/Plastic 

Glass/plastic  composites  offer  the  highest  perforrnance-to-weight  ratios 
of  any  currently  available  transparent  armor  materials.  The  glass/ 
plastic  armors  utilize  borosilicate  or  soda- lime  glass  as  the  hard 
facing  layer.  A polycarbonate  backing  ply  is  bonded  to  the  glass  with 
a cast-ir-place  or  sheet  interlayer. 

The  basic  principles  of  armor  design  require  that  the  kinetic  energy 
of  impact  be  diverted,  converted  into  heat,  and  absorbed.  Diversion 
is  accomplished  by  the  hard  glass  facing  material,  which  shatters 
on  impact.  This  brittle  type  of  failure  spreads  the  impact  over  a 
large  area  of  the  armor.  The  hard  face  also  tends  to  break  up  the 
projectile  and  throw  it  sideways.  Ihe  uacking  plastic  material  acts 
as  a spall  shield.  It  absorbs  the  residual  energies  and  contains 
the  fragments  of  both  the  projectile  and  the  face  sheet.  Additional 
layers  may  be  added  as  required  to  defeat  higher  caliber  threats. 


Glass  Areal  Density 
(Pound  per  Square  Foot) 


Promise  of  further  performance  gains  is  indicated  by  development 
work  in  magnesium-oxide  and  aluminum-oxide  transparent  ceramic  facing 
materials.  These  high-hardness  materials  offer  improved  ballistic 
properties,  particularly  when  protection  is  required  against  armor - 
piercing  ordnance. 


Figure  11-2.  Abilities  of  .30-Caliber  and  .50-Caliber  Projectiles  to 
Penetrate  Bullet-Resistant  Glass,  MIL-G-5485C. 

11.3  Fragment  Penetration  Resistance 

Fragment-simulating  projectiles  (FSP's),  as  their  name  implies,  simu- 
late fragments  from  explosive  projectiles  They  are  used  extensively 
in  the  testing,  evaluating,  and  rating  of  lightweight  armor  materials. 

Transparent  armor  systems  can  be  designed  to  defeat  the  fragments  of 
a 23mm  HEI  (high  explosive  incendiary)  projectile  detonating  in  close 
proximity  to  the  armor  panel.  Specific  performance  characteristics 
for  various  configurations  are  given  in  classified  reports  such  as 
Ref.  1 , 3,  4,  5,  6,  and  7. 

11.4  Installation 

Transparent  armor  should  be  installed  so  that  the  edges  of  the  armor 
are  rigidly  supported  to  insure  the  transmission  of  energy  to  the 
supporting  frame.  Otnerwise,  the  armor  may  be  pushed  aside  so  that 
the  projectile  may  pass  through. 

A simple  and  effective  mounting  technique  is  to  contain  the  trans- 
parency's edges  in  a channel-section  frame.  Clip  angles  or  brackets 
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are  welded  or  riveted  to  the  frame  at  the  corners  for  attachment  to 
the  supporting  structure  as  shown  in  Figure  11-3. 

An  alternate  mounting  technique  would  be  the  bonding  and  bolting  of 
attachment  brackets  to  the  corners  of  the  armor  panel.  However,  this 
method  does  not  retain  segments  of  a damaged  panel  as  well  as  the 
channel-mounted  design  does.  Consideration  should  also  be  given  to 
the  design  of  redundant  load  paths,  so  that  the  loss  of  a single  attach- 
ment does  not  render  the  armor  panel  ineffective. 

Ballistic  impact  loads  are  complex  and  difficult  to  calculate  with  any 
degree  of  certainty.  An  armor  mounting  scheme  should  therefore  be 
substantiated  by  actual  test  firings. 
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12.0 


SPALL  DESIGN  REQUIREMENTS 

Spall  consists  of  many  small  fragments  that  are  produced  and  ejected 
when  a material  is  impacted  by  a projectile  or  shock  wave.  Trans- 
parencies, which  necessarily  enclose  large  portions  nf  the  crew-occupied 
helicopter  areas,  are  particularly  susceptible  to  spallation. 

Data  compiled  during  the  hostilities  in  the  Republic  of  Vietnam  indicated 

that  spall  from  the  transparencies  of  U.  S.  Army  helicopters  posed  a 

significant  hazard  to  the  aircrews  and  passengers.  This  spall  was 

generated  primarily  by  small  arms  fire  impacting  on  the  aircraft  cast- 

acrylic  transparencies.  Although  spall  rarely  caused  permanent  injury, 

it  nonetheless  hindered  aircraft  operations. 

...  . •■••• 

The  areas  of  the  body  most  vulnerable  to  spall  wounding  are  those  which 
are  not  protected  by  clothir.^  - the  head,  neck,  hands,  and  arms.  In 
particular,  the  eyes  must  be  protected  by  visors  or  goggles;  even  the 
smallest  of  spall  fragments  hitting  an  eye  can  temporarily  incapacitate 
a pilot  and  have  serious  consequences. 

12.1  Wound  Criteria 


Figure  12-1  shows  combinations  of  fragment  mass  and  velocity  that  can 
lacerate  or  penetrate  the  skin.  The  curve  was  derived  from  several 
wounding  models  and  empirical  data.  A fragment  whose  mass  and  velocity 
describe  a point  below  the  threshold  line  has  less  than  a 5 percent 
chance  of  causing  a wound.  The  curve  may,  therefore,  be  considered 
as  a conservative  standard  for  evaluating  the  spall  resistance  of 
candidate  transparent  materials. 

In  order  to  utilize  such  a wound  criteria,  one  must  know  the  spall 
characteristics  - fragment  quantities,  sizes,  and  velocities  - associ- 
ated with  different  combinations  of  threats  and  targets.  Numerous 
tests  have  been  conducted  to  ascertain  these  characteristics  and  will 
be  discussed. 

12.2  Mechanisms  of  Spall 

Spallation  is  associated  with  stress-wave  phenomena  in  the  target 
material.  When  a projectile  strikes  a solid  target  at  a high  speed, 
a shock  wave  is  generated  that  becomes  spherical  in  shape  after  a short 
period  of  time.  The  shock  decays  in  strength  as  it  propagates  through 
the  target  and  ultimately  becomes  a compi'essive  elastic  wave. 

When  the  stress  wave  encounters  the  inside  surface  of  a transparency, 
it  is  reflected  as  a tensile  stress  wave.  If  the  reflected  wave 
exceeds  the  dynamic  tensile  strength  of  the  material,  fracture  planes 
will  form  parallel  to  the  target  surface,  and  spall  will  be  generated. 
Spallation  may  occur  at  both  the  impact  and  exit  faces. 
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The  spallation  mechanism  becomes  more  complex  when  one  considers  a 
laminated  target  structure.  At  each  material  interface,  the  shock 
wave  will  be  both  reflected  and  transmitted.  The  relative  strength 
of  the  waves  will  depend  upon  the  ratio  of  the  material's  acoustic 
impedances.  In  general,  material  combinations  with  higher  acoustic 
impedance  ratios  (and  higher  transmitted  shocks  as  a result)  appear 
to  suffer  greater  amounts  of  possibly  higher  velocities  of  backface 
spall.  Acoustic  impedance  is  the  product  of  the  material  density 
and  the  velocity  of  sound  in  the  material. 
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Figure  12-1.  Wounding  Model,  Skin  Laceration  by  Glass  Fragments. 
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12.3  Major  Parameters  Influencing  Spallation 


A number  of  parameters  have  been  identified  that  have  significant  ef- 
fects on  spallation.  For  spall  produced  by  ballistic  impact,  these 
parameters  may  be  grouped  into  three  categories: 

1)  impact  conditions 

2)  projectile  parameters 

3)  target  parameters 

12.4  Impact  Conditions 

Impact  conditions,  are  those  parameters  that  result  from  the  r^l^tive 
motion  of  the  projectile  and  the  target.  These  are  impact  velocity 
and  obliquity. 

Impact  velocity  is  an  important  parameter  for  determining  the  amount 
of  material  removed  from  a target  during  impact.  Studies  have  shown 
that  a target  will  eject  the  largest  amount  (and  mass)  of  material 
when  the  projectile  velocity  is  slightly  above  the  ballistic  penetra- 
tion limit;  the  spall  may  consist  of  a few  large  chunks.  Projectiles 
with  higher  velocities  will  produce  more  intense  impact  stresses, 
which  in  turn,  produce  smaller,  more  numerous  fragments. 

Impact  obliquity  is  defined  as  the  angle  between  the  projectile's 
flight  path  and  a normal  to  the  target  surface.  At  velocities  near 
the  ballistic  penetration  limit,  projectile  impacts  at  0°  obliquity 
will  produce  the  greatest  amount  of  spall.  As  the  impact  velocity 
increases,  increasing  obliquity  will  also  produce  greater  spall,  up 
to  the  angle  at  which  the  projectile  will  ricochet  and  not  penetrate 
the  target. 

12.F  Projectile  Parameters 

Projectile  parameters  include  projectile  size,  type,  and  shape. 

With  all  other  factors  being  equal,  larger  projectiles  will  produce 
greater  target  damage  and  mere  spall. 

Projectile  shape  is  also  significant  in  predicting  spall  characteristics. 
A blunt-nose  projectile  under  normal  impact  may  penetrate  the  target 
with  a shearing  action  that  restricts  target  damage  to  a hole  that  is 
the  diameter  of  the  projectile.  An  ogive-nose  projectile,  on  the  other 
hand,  will  have  its  impact  concentrated  in  a much  smaller  area.  The 
wedge  action  of  the  shape  will  induce  in-plane  stresses,  further 
damaging  the  target.  Projectile  shape  is  not  so  significant  when 
impacts  occur  at  oblique  angles. 
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12.6  Target  Parameters 

Target  parameters  are  this.kr.ess,  material,  and  structural  configuration 
Thickness  is  the  target  parameter  that  directly  affects  impact  condi- 
tions. Thin  targets  will  receive  small  holes  while  sufficiently  thick 
targets  will  sustain  a dent  or  crater.  Thicknesses  in  between  these 
limits  will  suffer  various  sizes  and  types  of  damage,  depending  on  the 
ratio  of  target  thickness  to  projectile  diameter.  The  basic  thick- 
ness effect  is  such  that  thicker  sections  tend  to  limit  local  de- 
formations, such  as  petalling  or  denting,  and  to  increase  spallation. 

This  increased  spallation  may  be  due  to  the  fact  that  the  thicker 
sections  allow  far  more  shock  interaction  before  the  projectile  com- 
pletes penetration. 

The  choice  of  target  materials  is,  of  course,  critical.  Material  param- 
eters expected  to  be  significant  include  strength,  hardness,  fracture, 
toughness,  elastic  modulus,  and  other  physical  factors  such  as  density. 

No  satisfactory  model  has  yet  been  established,  and  therefore  experi- 
mental data  is  the  means  for  evaluation.  The  spallation  characteristics 
of  several  transparency  candidate  materials  will  be  discussed. 

Structural  configuration  ingludes  such  factors  as  physical  composition 
(monolithic,  laminated),  method  of  manufacture  (cast,  stretched,  bonded), 
dimensional  relationships  (curvature,  planform) , and  eGge  attachment 
fixity  (simple,  free,  fixed  support).  The  first  two  considerations 
are  addressed  under  Material  Characteristics.  There  is  little  empirical 
data  on  the  last  two,  and  they  are  considered  to  be  relatively  in- 
significant in  determining  target  damage. 

12.7  Material  Characteristics 


The  threat  environment  in  which  a helicopter  must  operate  is  a condition 
given  to  the  designer.  He,  therefore,  has  little  control  over  the  im- 
pact or  projectile  parameters.  In  attempting  to  reduce  spallation  to 
acceptable  levels,  he  can  best  control  the  target  transparency  param- 
eters, which  includes  the  selection  of  materials  with  low-spall 
characteristics. 

Numerous  tests  have  been  conducted  to  determine  the  spallation  charac- 
teristics of  various  materials.  The  results  of  one  series  of  bal- 
listic tests,  that  were  performed  in  conjunction  with  the  preparation 
of  this  handbook,  will  be  described. 

Five  materials  selected  as  representative  of  current-generation  heli- 
copter transparencies  were  tested.  Specimens  of  each  material  were 
impacted  with  .30-caliber  ball  and  AP  ammunition  at  velocities  and 
obliquities  that  had  been  predetermined  to  inflict  the  maximum  damage. 

An  aluminum  foil  witness  sheet  located  behind  the  specimen  demonstrated 
spall  damage  and  distribution. 
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12.7.1  Monolithic  Polycarbonate 

After  impact,  polycarbonate  has  excellent  residual  visibility.  No  sur- 
face cracks  cccur  and  the  entry  hole  closes  up  to  become  smaller  than 
the  round  itself  (Figure  12-2).  The  polycarbonate  spall  causes  little 
carnage  to  a witness  sheet.  One  or  two  particles  generally  make  minute 
penetrations  of  the  sheet  within  2 inches  from  the  impact  position. 

A typical  polycarbonate  witness  sheet  pattern  is  shown  in  Figure  12-3. 
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Figure  12-3.  Spall  Penetration  of  Witness  Sheet  for  Polycarbonate. 
2 Monolithic  Stretched  Acrylic 


After  impact,  stretched  acrylic  also  has  excellent  residual  visibility. 
Penetration  is  only  the  round  diameter.  Fine  radial  cracks,  less  than 
h inch  long,  are  characteristic (see  Figure  12-4). 

The  witness  sheet  (Figure  12-5)  shows  a few  small  penetrations  and  a 
large  number  of  dents,  within  5 inches  of  the  impact  center.  The  spall 
fragments  produced  are  uniformly  small  and  blunt  (see  Figure  12-6). 


Figure  12-5. 


Spall  Penetration  of  Witness  Sheet  for  Stretched  Acrylic. 
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Figure  12-6. 


Spall  Produced  by  .30-Caliber  Sail  Ballistic  Inpact 
on  Stretched  Acrylic. 


12.7.3  Monolithic  Cast  Acrylic 

Penetration  holes  are  equal  to  the  diameter  of  the  test  round.  Damage 
is  confined  to  a 3- inch  diameter  for  .080- inch  sheets,  as  shown  in 
Figure  12-7.  The  0.187-inch  plate  sustains  more  surface  cracking,  as 
shown  in  Figure  12-8. 

Spall  from  cast  acrylic  specimens  cause  several  penetrations  in 
a compact  area  of  the  witness  sheet  with  approximately  an  equal  number 
of  dents  in  the  same  area.  The  0.187-inch  material  exhibits  the  same  pat- 
tern, but  has  slightly  larger  penetrations.  A typical  witness  sheet 
for  the  cast  acrylic  is  shown  in  Figure  12-9. 

The  cast  acrylic  spall  fragments  (Figure  12-10)  are  larger  and  more 
jagged  than  those  for  the  stretched  acrylic. 


Figure  12-7.  0.080-Inch-Thick  Cast  Acrylic  Specimen  After 
.30-Caliber  Ball  Ballistic  Impact. 


Figure  12-8.  0. 187-Inch-Thick  Cast  Acrylic  Specimen  After 

.30-Caliber  Ball  Ballistic  Impact. 
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Figure  12-9.  Spall  Penetration  of  Witness  Sheet  for  Cast  Acrylic. 


Figure  12-10.  Spall  Produced  by  .30-Caliber  Ball  Ballistic  Impact 
on  Cast  Acrylic. 
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12.7.4  Glass-Acrylic  Laminate 


Glass-acrylic  lamingtes  suffer  considerable  post-impact  surface  damage. 
When  struck  at  a 60°  angle  of  obliquity  to  the  normal,  the  damage  pattern 
tends  to  be  oblong.  The  entry  hole  is  small  and  the  sof'  ’nterlayer 
tends  to  close  the  hole.  An  area  2-3  inches  across  is  diced  with 
fine  radial  cracks  extending  several  inches  from  the  impact,  as  shown 
in  Figure  12-11.  The  laminate  pictured  had  an  .085-in  glass  face  ply, 
an  .075-in.  PVB  interlayer,  and  an  .080-in.  stretched  acrylic  innerply. 


A typical  witness  sheet  for  the  above  strike  is  shown  in  Figure  12-12. 
Damage  area  is  oblong  and  closely  covered  with  a mixture  of  dents  and 
penetrations,  most  being  less  than  a quarter  of  an  inch  long.  The 
larger  penetrations  tend  to  be  nearer  to  the  point  of  impact.  The 
glass-acrylic  spall  showed  a wide  variation  in  size,  as  can  be  seen 
in  Figure  12-13. 


Figure  12-11.  Glass-Acrylic  Laminated  Specimen  After  .30-Caliber 
Ball  Ballistic  impact. 
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Figure  12-13.  Spall  Produced  by  .30-Caliber  Ball  Ballistic  Impact 
on  Glass-Acryl ic  Laminate- 
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12.7.5  Lami nated  Class 

Glass-glass  laminates  sustair  considerably  more  surface  damage  than 
monolithic  plastic  specimens.  Entry  holes  are  from  1 to  2 inches 
across,  as  shown  in  Figure  12-14.  The  laminate  pictured  had  .095  glass 
facings  and  an  .085  PVB  interlayer.  The  pulverized  areas  are  oblong 
because  of  the  obliquity  between  the  projectile  path  and  the  specimen. 


Figure  12-14. 


Laminated  Glass  Specimen  After  .30-Caliber  Ball 
Ballistic  Impact. 


Witness  sheets  for  glass-glass  laminates  suffer  extensive  damage. 

Large  pieces  of  interlayer,  weighing  at  least  two  grams  and  at  least 
1.5  inches  in  diameter,  are  blown  free  from  the  laminate.  One  of 
these  fragments  can  be  seen  in  Figure  12-15.  Although  these  fragments 
are  capable  of  tearing  large  holes  in  the  foil,  they  are  soft  and 
pose  a minimum  wounding  hazard.  In  addition,  a large  number  of  smaller 
penetrations  occur  within  a 14  by  10-inch  area,  the  most  severe 
being  in  the  immediate  vicinity  of  the  ballistic  impact.  A typical 
penetrat’-on  pattern  is  shown  in  Figure  12-16.  It  should  be  noted 
that  the  purpose  of  the  witness  sheets  is  to  determine  the  spall 
penetration  patterns,  and  not  severity  of  spall. 


Figure  12-17  shows  spall  from  a laminated  glass  specimen, 
variation  in  size  is  apparent. 


A wide 


ry.-  — 


JL 


201 


Figure  12-15.  Polyvinyl -Butyral  Interlayer  Fragment  From  a 
Laminated  Glass  Specimen. 
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Figure  12-16.  Spall  Penetration  of  Witness  Sheet  for  Laminated 
Glass  Specimen. 
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Figure  12-17. 


Spall  Produced  by  .30-Caliber  Ball  Ballistic  Impact 
on  Laminated  Glass. 


12.8  Spall  Fragment  Energy 

During  the  aforementioned  ballistic  tests  the  spall  generated  was 
weighed  and  velocities  calculated.  This  fragment  mass  and  velocity 
data  is  presented  in  Figure  12-18,  superimposed  on  the  skin  laceration 
wounding  model  previously  discussed.  The  large  fragments  of  the  PVB 
interlayer  have  not  been  included  in  the  data  as  they  were  considered 
incapable  of  lacerating  the  skin  and  were  inappropriate  for  the  model. 

The  laminated  transparencies  have  the  worst  performance.  Both  the 
glass-acrylic  and  all-glass  combinations  produce  a wide  range  of 
fragments,  the  most  severe  of  which  exceed  the  wounding  threshold. 

The  fragments  from  the  cast-acrylic  transparencies  are  more  closely 
grouped  in  mass  and  velocity.  A significant  number  of  these  exceed 
the  wounding  threshold. 

The  stretched  acrylic  and  polycarbonate  transparencies  do  not  produce 
fragments  which  exceed  the  wounding  threshold.  Polycarbonate  spall 
is  almost  nonexistent. 
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Figure  12-18.  Spall  Oata  Compared  to  Wounding  Threshold. 


12.9  Blast  Overpressure  Hazards 


Spallation  may  also  be  caused  by  shock  waves  from  high  explosives  im- 
pinging on  a transparency.  Under  these  circumstances,  the  important 
parameters  ace  those  that  describe  the  impinging  shock.  These  would 
include  peak  overpressure  and  duration  of  the  positive  phase  of  the 
shock. 


Studies  utilizing  airblasts  and  shock  tubes  have  shown  overpressure 
to  be  the  most  important  of  these  parameters.  Any  particular  con- 
figuration will  have  a critical  shatter  pressure  called  overpressure 
below  which  shattering  will  not  occur.  Figure  12-19  gives  the  thick- 
ness required  for  panels  of  cast  acrylic,  stretcned  acrylic,  and 
laminated  glass  to  survive  a shock  without  shattering.  Situations  des- 
cribed by  points  above  the  line  of  interest  (overpressure  exceeds 
critical  shatter  overpressure)  will  result  in  the  shattering  of  the 
transparency.  Points  below  the  line  will  not. 


The  vertical  lines  on  the  chart  indicate  the  spread  of  actual  test 
data.  The  lines  of  critical  shatter  overpressure  for  particular  mater 
ials  and  panel  sizes  are  approximations  that  have  been  fitted  by  eye 
to  the  data. 
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Critical  Shatter  Overpressure  (Reflected)  for  Common  Transparent  Materials 
(Vertical  lines  correspond  to  the  range  of  uncertainty  of  the  data). 
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TABLE  12-1. 


™l0ATA  FROM  UH-1  HELICOPTERS  EXPOSED  TO  5U0-T0N 


Ground  Range 
(ft) 


Peak 

Overpressure 

(psi) 


Number  of 
Fragments  in 
Crew  Section 


Mean  Fragment 
rtass 
(gnis) 


Mean  Fragment 
Velocity 
(ft/sec) 


1400 

1700 

2285 

3590 


5.0 

3.5 

2.3 

1.2 


45 

37 

9 

2 


2.92 

6.S2 

8.46 

33.4 


Data  from  Ref.  4 
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13.0 


BIRDPROOFING 


In-flight  collision  with  birds  represents  a hazard  to  all  types  of 
aircraft.  The  energy  that  must  be  absorbed  from  a 4-pound  bird 
colliding  with  an  aircraft  at  136  mph  is  approximately  10,000  ft-lbs. 
This  can  lead  to  serious  consequences,  such  as  the  penetration  of  the 
windshields  and  the  incapacitation  of  the  flight  crew.  Even  if  the 
bird  does  not  penetrate  the  windshield,  considerable  backside  spall 
can  be  emitted,  and  visibility  can  be  substantially  reduced. 

Figures  13-1  and  13-2  show  the  results  of  bird-strike  tests  on  two 
types  of  UH-1  windshields.  Figure  13-1  shows  the  remains  of  a standard 
0.25-in. -thick  cast-acrylic  windshield  after  being  struck  by  a 
4-pound  bird  at  122  knots.  Figure  13-2  shows  a glass-faced  windshield 
after  being  struck  by  a 4-pound  bird  at  92  knots. 

In  spite  of  the  hazard,  relatively  few  serious  incidents  involving 
bird  strikes  on  helicopter  windshields  have  been  reported.  This  may 
be  attributed  to  the  low  airspeeds  which  permit  both  the  bird;;  as  well 
as  the  helicopters  to  avoid  collisions.  Furthermore,  existing  heli- 
copter windshields  are  capable  of  defeating  impacts  by  4-pounc  birds 
up  to  speeds  around  100  mph,  and  impacts  by  smaller  birds  at  even  hiqho-- 
speeds.  Nevertheless,  with  a trend  toward  higher  airspeeds  and  nap- 
of-the-earth  missions,  birdproofing  could  become  a requirement 
for  future  helicopters. 

13.1  Bird  Hazards 


As  might  be  expected,  the  hazard  of  in-fiight  collision  with  birds  is 
most  intense  at  the  altitudes  normally  flown  by  helicopters:  80  to 
90  percent  of  all  bird  strikes  occur  below  3,000  foot  altitude. 

Studies  have  shown  that  birds  weighing  less  than  4 pounds  constitute 
over  90%  of  all  bird  strikes.  The  4-pound  bird  has  been  used  as  a 
standard  for  FAA  certification  of  birdproof  windshields,  and  there 
have  been  no  catastrophic  failures  due  to  bird  strikes  on  transparencies 
designed  to  this  criterion. 

13.2  Methods  for  Defeating  Bird  Strikes 


There  are  two  basic  methods  used  to  prevent  colliding  birds  from  pene- 
trating cockpit  transparencies:  bagging  and  bouncing.  Bird  bagging  is 
possible  if  the  transparency  can  undergo  substantial  elongation  without 
tearing.  The  combination  of  high  load  and  large  deformation  results 
in  high  energy  absorption,  and  the  bird  may  be  stopped  prior  to  entering 
the  cockpit.  Windshields  utilizing  thick  interlayers  rely  on  this 
method  to  provide  bird  impact  resistance,  which  is  illustrated  in 
Figure  13-3. 
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Figure  13-2.  Bird  Impact  Damage  at  92  Knots,  Glass-Faced  Windshield 
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Figure  13-3.  Manner  in  Which  a Birdproof  Windshield  Panel  Resists 
a Bird  Strike. 

Bird  bouncing  is  more  of  a brute  force  approach,  reacting  bird  impact 
forces  by  plate  bending  action.  Here,  structural  deformations  are 
minimal,  and  most  of  the  energy  is  dissipated  by  crushing  or  splatter- 
ing the  bird.  The  bird  bouncing  technique  is  normally  used  only  on 
large  transport  airplanes  and  is  generally  unsuitable  for  helicopters 
because  of  the  weight  penalties  involved. 

Windshields  with  inboard  surfaces  fabricated  from  glass  tend  to  generate 
spall  when  impacted  at  high  speeds.  This  spall  can  be  attenuated  by 
thin-plastic  or  low-tempered-glass  shields  laminated  to  the  glass  sur- 
face as  shown  in  Figure  13-4,  or  by  changing  the  inner  ply  of  the 
laminate  to  a plastic  material. 
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Figure  13-4.  Safety  Shield  Laminated  to  Inboard  Surface  of  Windshield 
to  Reduce  Spall. 

13.3  Bird-Strike  Capabilities  of  Transparent  Materials 

The  ability  of  a windshield  to  resist  bird  impact  depends  on  many 
variables,  among  which  are  the  following: 

Windshield  material  properties 

Windshield  thickness 

Weight  and  speed  of  the  bird 

Trajectory  relative  to  the  transparency 

Windshield  shape,  size  and  contour  (minor  effects) 

Temperature  of  the  transparency 
Rigidity  of  attachment  to  the  airframe 
Airframe  rigidity 

Over  the  years,  a great  deal  of  quantitative  data  has  been  accumulated 
concerning  the  response  of  transparent  materials  to  bird  impact.  Most 
of  this  data  has  been  collected  from  tests  conducted  on  flat  specimens 
mounted  in  rigid  fixtures.  Empirical  equations  have  been  derived  from 
this  data  that  are  useful  for  preliminary  design  purposes.  However, 
the  equations  do  not  consider  all  of  the  important  variables  and  there- 
fore cannot  be  used  for  design  substantiation.  The  only  acceptable 
method  to  substantiate  bird  resistance  is  by  tests  conducted  on  full- 
size  cockpit  assemblies. 

The  basic  analytical  expressions  for  bird-resistant  windshields  are 
summarized  below.  These  empirical  equations  provide  an  estimate  of 
windshield  thickness  necessary  to  defeat  bird  strikes  under  varying 
conditions  of  impact.  Using  superposition,  these  equations  can  also 
be  used  to  provide  a very  rough  estimate  of  the  penetration  resistance 
of  laminated  composite  windshields.  Detailed  explanations  describing 
the  conditions  for  which  these  equations  were  derived  are  contained  in 
References  1 through  4. 
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a. 


Glass 


From  Reference  1 for  fully  tempered  monolithic  glass: 

v cosq 

t = 0.136(1  - 0.348  cosa  )e87'3  (13-1) 


where  bird  weight  = 4 pounds 

q = windshield  sweepback  angle,  degrees 
(See  Figure  13-5) 
e = constant  = 2.71828 

t = total  thickness  of  all  structural  plies, 
inches 

V = velocity,  mph 


From  Reference  2 for  thermslly  toughened  glass: 


V(cosq  )(W)1/2 
400 


(13-2) 


where  W = bird  weight,  pounds 


and  for  ten-twenty  glass: 

1/2 


t-  = 


V(cos  q) (M) 


520 

From  Reference  3: 


t3/2  .00105V2W2/3(sin6)l 


03-3) 


(13-4) 


or,  if  all  the  plies  are  not  the  same, 

(t)3/2  =(— -1  ' t'  ) = .0G105V2W2/3(sin6  ); 


(13-5) 


where  the  subscripts  designate  individual  plies  and  the 
coefficients  are: 


8 «*  bird  impact  angle,  degrees  (See  Figure  13-5) 

A = contour  coefficient 

A = 1.0  for  transparencies  similar  to  transport  airciaft 

windshields 

A = 0.92  to  1.1  for  small  flat  windshields 

C = 107  for  annealed  glass 
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C = 194  for  semi  tempered  glass 
C = 268  for  tempered  glass 
C = 27l-  for  faint  Gobain  special  tempered  glass 
C = 210  to  30;'  for  chemically  strengthened  glass 


Bird  Path 


Windshield 


Figure  13-5.  Windshield  Sweepback  Angie. 


b.  Polyvinyl  Dutyral  Interlayers  (20%  plasticized) 


From  Reference  1 : 


0. 049Se 


i) 


(13-6) 


where 


Bird  weight  = 4 pounds 
Windshield  slope  = 40°  - 46° 
Interlayer  temperature  = 80°F 


c.  Stretched  Acrylic 

From  Reference  2,  for  windows  with  clamped  edges: 

COS  aH^)  3'2 

470  J 
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(13-7) 


and  from  Reference  3: 


5 


t = ((6.5  x 10"6)  V2W2/3  (sin  $)x)1/k  (13-8) 

where 

X = a contour  coefficient 

X = 1.0  for  transparencies  similar  to  transport  aircraft 
windshields 

X = 0.5  for  transparencies  similar  to  side  windshields 
of  fighters 

X = 0.35  for  transparencies  similar  to  wraparound  fighter 
windshields 


d.  As-Cast  Acrylic 

From  Reference  3 for  flat  transport  aircraft  windshields: 

t = ((6.53  x 10"6}  V2W2/'3  (sin  B)j1/2  (13-9) 

and  for  curved  windshields  (radius  of  curvature  = 25  to  35  inches): 

t = ((2.25  x 10"6)  V2W4/3  (sin  6))1/Z  (13-10) 

Figures  13-6  and  13-7  compare  the  predicted  penetration  velocity  versus 
total  ply  thickness  for  a number  of  the  above  expressions.  Figure 
13-6  is  for  glass  materials,  and  Figure  13-7  is  for  p’astic  materials. 
The  curve  fir  polycarbonate  is  for  optically  treated  material.  Pene- 
tration velocity  for  this  material  is  substantially  lower  than  the 
penetration  velocity  of  as-rsceived  polycarbonate  as  c result  of  the 
press-polishing  process  used  to  improve  the  optical  quality. 
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Figure  13-6.  Velocities  of  4-lb  Birds  for  Penetrati 
Windshields  at.  45-Degree  Impact  Angles 
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The  angle  used  in  these  calculations,  45  degrees,  is  within  the  range  of 
angles  used  by  all  the  investigators  in  developing  their  expressions.  It  is 
evident  that  the  theories  predict  penetration  velocities  that  vary  con- 
siderably for  the  same  materials,  which  indicates  the  need  for  testing  new 
configurations. 


13.3.1 


Laminates 


The  velocities  required  to  penetrate  laminates  are  higher  than  those  for 
monolithic  panels  of  the  same  total  structural  ply  thickness.  Pene- 
tration velocities  can  be  increased  up  to  about  30%  by  this  method. 

The  penetration  velocities  for  polycarbonate  panels  with  fusion-bonded 
cast-acrylic  faces  are  approximately  the  same  as  those  for  panels  made 
entirely  of  cast-acrylic,  and  fusion  bonding  is  therefore  considered 
inefficient. 

Abrasion-resistant  hardcoats  applied  to  one  or  both  surfaces  of  a poly- 
carbonate panel  also  appear  to  cause  decreases  in  the  penetration  velo- 
city. based  on  limited  testing. 

13.4  Bird  Weight  Relationships 

Penetration  velocities  for  different  bird  weights  can  Le  related  by 
assuming  that  the  specific  kinetic  energy  level  remains  constant.  Thus, 
if  the  penetration  velocity  is  known  for  a specific  bird  weight,  pene- 
tration velocities  for  other  bird  weights  can  be  found  using  this 
relationship: 


V = Vk 


w 


k 1/2 


(13-11) 


W 


where  V = penetration  velocity 
W = bird  weight 

and  the  subscript  k indicates  known  values. 

13.5  Angle  of  Incidence 

Generally,  bird  penetration  velocity  decreases  as  a function  of  the 
cosine  of  the  windshield  slope.  An  exception  to  this  rule  occurs  fur 
flexible  materials  where  impact  is  e.t  the  aft  edge  of  tne  panel.  In 
such  cases,  the  bird  tends  to  pocket  into  the  transparency  as  it  stretches. 
Because  of  the  proximity  of  structural  members  to  the  rear,  the  carcass 
cannot  slide  off  the  sloped  panel.  Under  such  circumstances,  the  pene- 
tration velocity  is  to  a large  degree  independent  of  the  windshield 
angle. 
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13.6  Temperature 


Material  temperature  significantly  affects  the  penetration  velocity 
of  plastic  glazings.  The  penetration  velocity  is  usually  maximum 
near  room  temperature  and  lower  at  both  higher  and  lower  temperatures. 
This  effect  is  most  severe  for  polyvinyl  butyral  (PVB)  interlayers, 
as  shown  in  Figure  13-8. 

Windshields  incorporating  PVB  as  a birdprocfing  medium  require  heating 
systems  to  maintain  the  vinyl's  temperature  during  operation  in  cold 
environments. 


Figure  13-8.  Effect  of  PVB  Temperature  on  Penetration  Velocity. 


13.7  Panel  Size  and  Curvature 


Penetration  velocity  is  in  general  independent  of  panel  size  or  plan- 
form  shape.  The  exception  is  for  very  small  panels  which  are  too  small 
to  permit  energy  absorption  via  stretching,  or  for  which  edge  effects 
predominate. 

Curved  transparencies  are  ordinarily  stiffer  than  equivalent  flat  trans 
parencies.  This  added  stiffness  restricts  the  ability  of  the  panel  to 
assume  membrane  shapes  and  therefore  has  a deleterious  effect  on  the 
bird  impact  resistance  of  the  thin  windshields  typically  used  on  heli- 
copters. However,  for  thicker  panels  such  as  armor  windows  or  pres- 
surized airplane  windows,  where  bird-strike  resistance  is  accomplished 
by  bending,  the  reverse  is  true;  curvature  is  beneficial. 
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13.8  Impact  Location 

The  location  of  the  impact  point  can  have  a considerable  effect  on  the 
penetration  velocity  of  a windshield.  Central  areas  generally  require 
higher  penetration  velocities  than  border  areas.  Edge  impacts  cause 
high  localized  loads,  leading  to  shearing  and  tension  failures.  Edge 
members  can  cause  local  pocketing  of  the  bird  carcass  and  prevent  it 
from  sliding  off  the  panel,  which  results  in  higher  impact  forces. 

13.9  Edge  Attachments 

In  general,  test  results  have  shown  that  the  edge  attachment  of  bolted- 
in  panels  constitutes  the  most  critical  part  of  the  installation  with 
regard  to  impact  strength;  the  method  of  transmitting  tensile  and  shear 
stresses  from  the  panel  into  the  airframe  is  of  primary  importance. 

Laminated  panels  that  rely  on  interlayer  stretching  for  birdproofing 
require  inserts  imbedded  within  the  interlayer  to  transmit  edge  loads. 
For  PVB  interlayers,  2024  aluminum  inserts  need  not  be  greater  than 
1/6  of  the  interlayer  thickness  for  interlayers  that  are  less  than 
0.188  inch  thick,  and  not  greater  than  1/5  of  the  interlayer  thickness 
for  interlayers  that  are  greater  than  0.250  inch  thick.  With  regard  to 
the  width  of  the  insert  strip,  it  has  been  found  that  satisfactory  re- 
sults are  obtained  if  the  insert  extends  at  least  0.25  inch  between  the 
two  facings,  as  shown  in  Figure  13-9.  If  the  strip  does  not  extend  be- 
tween both  faces  in  this  manner  the  plastic  interlayer  is  very  likely 
to  shear  along  the  inside  edge  of  the  strip. 
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Figure  13-S.  Edge  Insert  for  Laminated  Windshields. 

Particular  care  must  be  exercised  in  designing  edge  reinforcement  for 
stretched  acrylic  and  polycarbonate  materials  to  avoid  abrupt  changes 
in  cross  section.  Otherwise,  the  resultant  stress  concentrations  can 
substantially  reduce  impact  resistance. 


It  is  generally  agreed  that  clamped  edges  provide  higher  penetration 
velocities  than  bolted  edges  because  they  allow  more  panel  movement 
and  reduce  stress  concentrations  at  the  edges.  However,  when  bolted 
attachments  are  used,  closely  spaced  small  bolts  provide  more  uniform 
support  than  widely  spaced  large  bolts.  In  Reference  1 it  was  found 
that  bolt  size  and  distance  between  fasteners  should  provide  strength 
equivalent  to  a 2-inch  spacing  of  No.  10  steel  bolts  (100,000  psi  heat 
treat)  for  a 0.125-inch  PVB  interlayer  thickness  and  a 1-inch  spacing  of 
identical  bolts  for  a 0.25-inch  interlayer  thickness. 
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13.10  Bird  Impact  Forces 

Bird  impact  forces  are  dependent  on  the  elastic  and  inelastic  effects  of 
the  impacting  body  and  wave  propagation  response  of  the  windshield  and 
structure.  For  this  reason,  static  analyses  that  assume  n.r  structural 
deformation  are  extremely  conservative  and  yield  results  that  can  only 
be  approached,  but  never  reached.  Equation  13-12  from  Reference  5 is 
typical  of  relationships  that  do  not  account  for  structural  deformation. 


F = .705  W2/3(V2) 


(13-12) 


13.11 


where  F = peak  impact  force,  assuming  sinusoidal  variations  (pounds) 
W = bird  weight  (pounds) 

V = velocity  (knots) 

Structural  Stiffness 


The  general  rigidity  and  energy  absorbing  characteristics  of  the  wind- 
shield supporting  structure  have  consideraole  effects  on  the  strength 
exhibited  by  the  windshield  panel.  A structure  that  is  highly  elastic 
apparently  causes  lower  forces  to  develop  in  the  panel  with  less  ten- 
dency for  panel  failure.  Uniformity  of  structural  rigidity  around  the 
panel  also  appears  advantageous. 

Heavy  reinforcement  of  a cockpit  structure  is  not  necessary  for  bird 
collision  resistance  except  in  very  light  structures.  The  determination 
of  whether  or  not  special  reinforcements  arc  required  is  made  in  con- 
junction with  bird  impact  development  tests. 

13.12  Openable  Hatches 

Openable  hatches  and  clearview  panels  forward  of  the  flight  crew  have 
considerably  more  rearward  slope  than  windshields,  and  birdproofing 
requirements  are  somewhat  lessened.  However,  when  impacted,  fluid 
substances  from  the  bird  carcass  tend  to  force  their  way  into  the 
opening  between  the  frame  and  window,  creating  tremendous  hydraulic 
pressure.  This  action  can  disengage  or  fail  retaining  latches  and 
hinges,  allowing  the  window  to  be  ejected  into  the  cockpit  with  con- 
siderable force.  The  window  may  become  a flying  missile.  This 
phenomenon  highlights  the  fact  that  the  clearview  window  requires 
special  attention  in  the  design  of  secure  closure  devices. 


13.13  Bird  Impact  Testing 

The  preceding  sections  of  this  chapter  have  described  the  many 
variables  that  influence  bird  impact  resistance.  It  was  shown  that 
analysis,  at  best,  can  only  approximate  the  response  of  transparent 
enclosures  to  bird  impact.  For  example,  comparison  of  data  from 
tests  conducted  on  flat  polycarbonate  panels  and  data  from  tests  con- 
ducted on  actual  UH-1  helicopter  installations  using  the  same  material 
show  the  penetration  velocity  of  the  installation  to  be  lower  by  about 
30  knots.  0the<'  aircraft  installations  have  demonstrated  improved  per- 
formances when  compared  to  specimen  tests.  Therefore,  it  becomes 
apparent  that  the  only  method  to  substantiate  bird-strike  integrity  is 
by  testing  actual  installations. 

There  are  several  government  and  private  test  facilities  in  the  United 
States  and  Canada  equipped  to  perform  bird  impact  tests.  Most  of 
these  facilities  use  a setup  similar  to  that  shown  in  Figure  13-10. 

The  principal  features  are  a compressed  air  source  and  storage  tank,  a 
quick-opening  valve  and  breech  section  for  loading,  a large  smooth-bore 
barrel,  and  timing  gates.  The  birds  are  usually  freshly  killed 
chickens  which  are  launched  in  special  sabots  to  fit  within  the  cannon. 
A sabot  stripper  removes  the  sabot  prior  to  impact.  High-speed  photog- 
raphy is  often  used  to  analyze  and  record  the  mechanics  of  failures 
when  they  occur  and  to  aid  in  the  evaluation  of  fragmentation. 

Tests  should  be  conducted  on  representative,  full-size  structures  to 
verify  the  following: 

1.  Spall  shall  not  cause  injury  to  the  flight  crew. 

2.  Visibility  shall  not  be  reduced  more  than  50%. 

3.  Structural  damage  shall  not  be  cause  for  aborting  the  mission. 

4.  Solid  portions  of  the  bird  shall  not  enter  the  cockpit  and  cause 
injury  to  the  crew  or  prevent  them  from  performing  their  normal 
duty. 

5.  Jettisonable  hatches  and  latching  mechanisms  shall  not  be  damaged 
to  the  extent  that  crew  escape  is  restricted. 
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Figure  13-10.  Bird  Impact  Test  Facility. 


The  number  of  tests  to  be  performed  is  determined  by  the  specific 

aircraft  installation.  As  a minimum,  the  following  tests  are  necessary 

unless  otherwise  substantiated  by  similarity  and  analysis: 

1.  Each  transparency  located  in  the  front  of  the  helicopter  or  those 
transparencies  located  where  critical  fragmentation  would  injure 
the  flight  crew  shall  be  tested. 

2.  The  transparencies  shall  be  tested  under  the  most  extreme  tempera- 
ture conditions  likely  to  occur  in  operation. 

3.  Impacts  shall  be  at  points  of  maximum  deflection  and  greatest 
stiffness  - usually  the  center  and  edge  of  the  panel. 

4.  Each  transparency  support  member  snail  be  tested  at  its  center 
and  at  its  intersections  with  adjacent  structure. 

5.  Openable  hatches  with  edges  ahead  of  the  pilot  shall  be  tested. 
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LIGHTNING  PROTECTION 


Historically,  helicopters  have  rarely  been  struck  by  lightning,  having 
only  recently  become  truly  all-weather  vehicles.  In  the  past  few  years, 
at  least  one  fatal  accident  and  a number  of  incidents  have  focused  at- 
tention on  the  need  to  upgrade  the  lightning  protection  of  helicopters. 
Complete  protection  of  an  aerial  vehicle  against  lightning  must  ensure 
that  there  is  no  serious  structural  damage,  no  fuel  system  explosion, 
no  electrical  system  failure,  and  of  course,  no  shock  hazard  for  the 


The  requirements  for  lightning  protection  of  helicopter  transparencies 
must  be  seen  in  the  context  of  the  overall  crew  compartment  design. 

The  ideal  form  of  lightning  protection  consists  of  a complete,  contin- 
uous, conductive  shell  of  such  low  resistance  that  lightning  currents 
flowing  from  end  to  end  do  not  produce  dangerously  high  voltages.  A 
cockpit  enclosure  having  metal  frames,  metal  skin,  and  transparencies 
with  a highly  conductive  external  coating  would  be  the  best  approxi- 
mation to  the  ideal.  A coating  grounded  to  the  airframe  would  also 
avoid  any  problems  with  static  electricity  while  assisting  in  the  re- 
duction of  radar  cross-section.  Unfortunately,  no  coating  material  is 
available  as  yet  that  has  sufficiently  low  resistance,  adequate  light 
transmission,  and  durability.  The  resistivity  of  the  coating  would 
probably  need  to  be  less  than  one  ohm  per  square.  See  Chapter  19  for 
definition  of  resistivity  terms. 

However,  adequate  lightning  protection  can  usually  be  obtained  by 
other,  practical  means.  If  the  pilots  are  surrounded  by  a cage  of 
closely  spaced  conductors,  they  will  be  protected  not  only  from  direct 
lightning  strikes  but  also  from  any  serious  shock  hazard  due  to  so- 
called  "streamering".  The  cage  structure  can  be  formed  by  the  cockpit 
main  frames  and  the  perimeter  frames  of  the  transparencies  or  doors,  if 
they  are  metal  and  grounded  to  the  airframe.  There  is  no  definitive 
theoretical  criterion  to  determine  the  adequacy  of  protection  of  a 
cage-type  structure,  so  that  the  best  means  of  evaluating  a design  is 
by  tests  on  a mockup  cockpit,  or  a scale  model,  in  a suitably  equipped 
high  voltage  laboratory.  As  a preliminary  design  guide,  the  following 
has  been  developed  from  the  requirements  of  MIL-B-5087,  which  were 
stated  for  the  type  of  canopy  used  on  jet  fighter  aircraft. 

"The  lightning  protection  afforded  by  a cage  system  will  be  adequate  if 
the  crew  cannot  be  touched  through  the  spaces  between  the  conductive 
members  of  the  apex  of  a cone  of  120°  included  angle."  The  application 
of  this  guide  to  a cockpit  design  is  illustrated  in  Figure  14-1,  but  it 
should  be  extended  to  cover  any  movements  the  crew  may  perform  during 
operation  of  the  helicopter.  In  the  example  shown,  the  pilot's  helmet 
can  he  touched  by  the  cone,  and  therefore,  he  may  be  vulnerable  to 
streaming  induced  by  a high  voltage  electric  field.  Protection  should 
be  provided  by  relocating  metal  frames  to  the  locations  Marked  A or  by 
a grounded  metal  strip  running  fore  and  aft  over  his  head.  The  strip  can 


Cones  of  12C 
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be  inside  or  outside  of  the  transparency  and  can  be  narrow  enough  to 
avoid  any  significant  interference  with  vision.  Reference  1 requires 
that  the  cross-sectional  area  of  an  external  conductor  be  at  least 
33,100  circular  mils  if  made  of  aluminum  or  20,820  mils  if  made  of 
copper.  The  corresponding  figures  for  internal  conductors  are  10,380 
mils  and  6,530  mils. 

Shock  hazard  to  the  crew  can  also  be  introduced  if  any  ungrounded 
conductor  is  mounted  in  a transparency  (or  a nonconducting  skin  area) 
in  such  a way  that  it  can  lead  a lightning  strike  or  streamer  into 
the  enclosure.  A common  example  is  the  outside  air  temperature  gauge 
(OAT).  Figure  14-2  shows  a typical  OAT  gauge  mounting  and  now  a 
streamer  can  be  induced  by  a pilot's  hand  as  he  reaches  to  operate  an 
overhead  control.  Grounding  the  gauge  to  the  airframe  will  eliminate 
this  hazard. 

Damage  to  a windshield  or  to  the  aircraft's  electrical  system  can  occur 
if  a streamer  occurs  between  the  conductive  heating  elements.  Spike 
transients  induced  in  the  electric  power  system  can  damage  semiconductor 
equipment  and  lead  to  equipment  malfunctions,  or  even  loss  of  the  main 
generating  system. 

In  the  absence  of  a suitable  conductive  coating  material,  protection 
is  best  achieved  by  requiring  that  the  flashover  voltage  from  any  point 
on  the  windshield  to  ground  shall  be  lower  than  the  breakdown  voltage 
from  the  surface  to  the  internal  conducting  elements.  This  protection 
against  the  penetration  of  the  insulating  layers  should  be  verified  by 
tests  using  a high  voltage  electrode  at  several  positions  near  the 
outer  surface.  Suitable  test  methods  are  described  in  Reference  2. 
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STATIC  ELECTRICITY 


Electrically  insulated  sections  of  an  aircraft  that  are  subjected  to 
impingement  of  airflow  carrying  dust  or  precipitation  particles  acquire 
static  surface  charges  that  can  result  in  very  high  voltages.  If  the 
rate  of  accumulation  of  charge  is  high  enough  and  the  dissipation  due 
to  conduction  over  the  surface  and  through  the  air  is  low  enough,  the 
voltage  will  reach  a level  where  insulation  breakdown  or  surface  flash- 
over  can  occur. 

Surface  fTashcvers  resulting  from  static  electrification  of  a trans- 
parency can  cause  impairment  of  the  crew's  vision  during  night  opera- 
tions, radio  frequency  interference  due  to  high  frequency  components 
of  the  arcing,  and  damage  to  solid-state  control  components  in  an 
electrical  heating  system  due  to  induced  spike  transients.  Insulation 
breakdown  and  punctures  of  the  outer  layer  of  a windshield  can  shatter 
the  glass  or  lead  to  delamination. 

The  above  problems  have  been  known  to  occur  on  fixed-wing  aircraft  for 
many  year?,  because  high-speed  flight  tends  to  produce  high  charging 
rates.  Static  electricity  is  not  usually  considered  a problem  for 
helicopter  windshields  because  of  the  lower  air  velocities  involved. 
However,  unexplained  malfunctions  of  temperature  controllers  occur 
that  suggest  the  possibility  of  static-related  damage  modes.  This 
damage  may  occur  when  a helicopter  hovers  over  a dry,  dusty  area;  in 
such  conditions,  radio  frequency  interference  (RFIj  generated  by  corona 
discharge  from  the  helicopter's  extremities  and  by  spark  discharges  from 
other  parts  could  mask  any  noise  contribution  that  may  origi  «te  on 
transparencies. 

It  is  interesting  to  note  that  one  of  the  methods  employed  to  check 
static  electrification  effects  on  airplane  windshields  is  to  blow 
dust-laden  air  onto  the  surface.  It  is  therefore  considered  possible 
that  damage  can  occur  to  heated  windshields  on  helicopters  as  a result 
of  static  electricity. 

Protection  can  be  provided  against  dielectric  puncture  if  the  surface 
flashover  voltage  from  any  point  on  the  outer  surface  is  lower  than 
the  breakdown  voltage  to  internal  conducting  parts,  such  as  heating 
layers  or  embedded  temperature  sensors.  This  criterion  is  more  strin- 
gent if  an  embedded-wire  heating  element  is  used,  because  the  fine 
wires  cause  local  concentrations  of  electrical  charge,  and  thicker 
insulating  layers  are  then  required  to  prevent  insulation  breakdown. 

A transparency  with  a glass  outer  surface  can  be  treated  with  indium 
oxide,  stannous  oxide  or  some  other  proprietary  material  to  give  a 
surface  resistivity  below  1 megohm  per  square  - low  enough  to  alleviate 
any  problems  due  to  electrification.  The  oxides  are  fused  into  the 
surface  of  the  glass  so  the  coating  is  fairly  resistant  to  degradation 
by  erosion  and  abrasion.  There  is  no  known  coating  material  for 
plastic  surfaces  that  can  withstand  the  abrasion  and  erosion  effects  of 


windshield  wipers,  cleaning,  and  weather.  In  such  cases,  the  criterion 
stated  above  of  requiring  the  surface  flashover  voltage  to  be  lower 
than  the  dielectric  breakdown  level  should  be  applied,  and  the  tempera- 
ture control  circuits  should  be  protected  from  transients  induced  by 
the  discharges  by  means  of  spike/surge  suppressors. 

Fixed-wing  aircraft  operators  have  reported  that  ground  maintenance 
personnel  have  received  serious  shocks  because  of  the  static  charges 
stored  on  wind  "eld  surfaces.  The  oxide  coatings  for  glass  surfaces 
will  remove  the  lazard  if  the  coating  has  a discharge  path  to  the 
airframe.  The  charge  can  be  removed  from  plastic  surfaces  by  flushing 
with  water,  or  propriet.arv  antistatic  compounds  can  be  applied.  Anti- 
static coatings  must  be  reapplied  frequently  to  maintain  their  effec- 
tivness. 

Coatings  for  the  surface  that  are  required  for  static  charge  dissipation 
(1  kilohm  to  1 megohm  per  square)  have  a negligible  effect  on  the  light 
transmission  of  a transparency,  ana  will  assist  in  preventing  insulation 
breakdown  due  to  streamers  in  the  high  electric  fields  of  a thunder- 
storm. (See  Chapter  19  for  definitions  of  resistivity.) 
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16.0  FACE-PLY  MATERIALS  - PHYSICAL  AND  MECHANICAL  PROPERTIES 


This  section  contains  descriptions  and  physical  properties  of  the 
common  transparent  materials  used  for  glazing  helicopters.  Only  the 
properties  that  are  important  to  design  are  covered.  A more  compre- 
hensive tabulation  of  transparent  material  properties  can  be  found 
in  Part  II  of  MIL-HDBK'17A,  "Plastics  for  Aerospace  Vehicles,  Part  II, 
Transparent  Glazing  Materials." 

Helicopter  transparencies  may  be  either  monolithic  or  laminated. 
MonoiUhic  designs  are  generally  thermoformed  plastic  materials.  Lam- 
inated designs  consist  of  plastic  or  glass  sheets  joined  by  transparent 
adhesives  or  interlayers.  Materials  suitable  for  laminated  or  mono- 
lithic construction  are  described  in  this  section. 

Physical  and  mechanical  properties  for  transparent  materials  have  been 
extracted  from  available  literature,  and  the  data  has  not  been  sub- 
stantiated to  the  same  extent  as  the  familiar  aircraft  metallic  elements. 
As  a result,  transparent  material  properties  presented  here  can  only  be 
considered  typical  values  unless  controlled  by  specification. 

Most  transparent  materials  are  extremely  sensitive  to  changes  in  ambient 
temperature  and  ultraviolet  radiatiorv  These  factors  must  be  considered 
during  design,  and  standard  condition  properties  must  be  adjusted  ac- 
cordingly. Past  experience  and  rigorous  qualification  testing  are  as 
important  in  transparency  engineering  as  strictly  analytical  verifi- 
cations. 

16.1  Proprietary  Products 

Many  transparent  materials  are  avilable  only  as  proprietary  products 
and  are  not  covered  by  Government  specification.  This  is  particularly 
true  of  interlayer  materials.  In  the  following  material  descriptions, 
proprietary  items  are  noted  as  they  exist  commercially.  The  ceter- 
mination  of  their  properties  and  their  availability  or  suitabi'ity 
for  an  intended  application  should  be  made  by  contacting  the  suppliers. 

The  mention  of  any  trade  name  or  proprietary  product  in  this  handbook 
does  not  constitute  an  endorsement.,  nor  does  it  imply  that  it  is  the 
only  product  availaole  possessing  the  prescribed  characteristics. 

16.2  Acrylic  Plastic 

Acrylic  plastic  is  an  unplasticized,  ultraviolet-absorbing  polymethyl 
methacrylate  available  in  several  formulations  for  helicopter  applica- 
tions The  material  is  produced  as  thermoplastic  sheet  and  is  opti- 
cally clear  in  its  natural  form.  To  date  this  is  the  most  common  mater- 
ial used  for  helicopter  glazing.  Physical  properties  of  acrylics  are 
temperature  dependent  and  are  also  subject  to  change  by  other  environ- 
mental conditions. 
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16.2.1  Heat-Resistant  Cast  Acrylic  Sheet,  MI L-P-5425 

This  material,  also  known  commercially  as  Plexiglas  II  HVA,  Trademark 
Rohm  & Haas  Co.,  Philadelphia,  Pa.,  is  noted  for  excellent  thermo- 
fomability  and  machinabil ity  though  it  has  largely  been  superseded 
by  MI L-P-81 84 , Modified  Acrylic  Sheet,  and  MIL-P-25690,  Stretched 
Modified  Acrylic  Sheet.  MIL-P-5425  acrylic  can  be  procured  in  a 
variety  of  tints  and  hues  for  special  applications. 

16.2.2  Modified  Acrylic  Sheet,  MIL-P-8184 

This  cast-acrylic  sheet,  also  r.nown  as  Plexiglas  55,  Trademark  Rohm  & 

Haas  Co.,  Philadelphia,  Pa.,  has  slightly  higher  heat  resistance  and 
better  craze  and  solvent  resistance  than  the  MIL-P-5425.  The  cast 
acrylics  are  not  suited  for  installations  using  bolted  or  riveted 
attachments. 

16.2.3  Stretched  Modified  Acrylic  Sheet,  MIL-P-25690 

Stretched  acrylic  plastic  is  produced  by  reorienting  the  long  polymer 
chains  that  make  up  MIL-P-8184  to  signficantly  improve  resistance  to 
crack  propagation  and  stress-solvent  crazing.  In  fact,  stress-solvent 
crazing  for  stretched  acrylics  is  virtually  nonexistent.  Elongation 
to  failure  is  also  drastically  increased,  from  4%  for  the  as-cast 
acrylic  to  16%  after  stretching,  which  results  in  an  approximate 
threefold  increase  in  impact  strength. 

The  stretching  operation  is  conducted  by  heating  slabs  of  MIL-P-8184 
to  approximately  300°F  and  then  pulling  uniformly  on  all  edges  until 
it  has  become  65  to  70%  longer  and  its  thickness  has  been  reduced 
to  approximately  1/3  of  its  original  value.  The  sheet  is  then  ground 
and  polished  to  impart  the  necessary  optical  quality  and  thickness 
control.  As  a result  of  this  processing,  stretched  acrylic  is  more 
expensive  to  manufacture  than  the  cast  variety. 

The  stretching  process  also  degrades  some  properties  ofQthe  basic 
cast  acrylic.  If  stretched  acrylic  is  heated  above  220°F,  it  begins 
to  revert  to  its  as-cast  dimensions.  This  limits  the  temperatures  at 
which  it  may  be  formed,  and  special  forming  methods  must  be  used  to 
contour  parts.  Shear  strength  parallel  to  the  surface  is  also  lower 
for  stretched  acrylic  than  for'  cast  acrylic. 

16.3  Polycarbonate  Sheet,  MIL-P-83310 

Polycarbonate  is  a relatively  new  material,  which  is  finding  applications 
in  aircraft  transparent  enclosures.  Polycarbonates  for  aircraft  use  are 
produced  under  the  trade  name  of  Lexan  SL-2000-111,  by  the  General 
Electric  Company.  However,  this  material  requires  postprocessing  in 
order  to  meet  the  optical  requirements  of  MIL-P-83310. 
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The  most  outstanding  advantage  of  polycarbonate  is  its  exceptional 
toughness  and  impact  resistance.  Ballistic  damage  tolerance  is  also 
considered  excellent,  and  the  material  can  be  used  to  advantage  in 
transparent  armor  and  spall-shield  applications. 

Polycarbonate  has  very  poor  resistance  to  chemical  attack  and  is  sus- 
ceptible to  stress-solvent  crazing.  Common  alcohols  and  aliphatics 
routinely  employed  in  aircraft  operation  and  maintenance  can  cause 
severe  degradation.  Polycarbonate  also  has  very  poor  abrasion  resis- 
tance. Protective  hardcoatings  are  frequently  employed  to  improve 
these  deficiencies. 

Polycarbonate  in  its  natural  form  has  a slight  yellow  straw-colored 
tint,  and  frequently  blue  colorants  are  added  to  the  resin  to  neutral- 
ize the  color. 

16.4  Glass,  Monolithic,  Aircraft-Glazing,  MIL-G-25667 

Glass  is  an  extremely  hard,  durable,  transparent  material.  Glass  is 
approximately  20  times  stiffer  than  transparent  plastic  materials  and 
completely  obeys  Hooke's  Law,  exhibiting  no  yielding  up  to  its  point 
of  failure,  and  is  therefore  categorized  as  a brittle  material.  Because 
of  this  lack  of  ductility,  glass  must  be  laminated  when  used  in  trans- 
parent enclosures  to  avoid  catastrophic  failure. 

Although  there  are  literally  thousands  of  glass  formulations  possible, 
the  materials  generally  used  on  helicopters  are  Type  I commercial 
soda-lime  float  cr  polished  plate  glass,  MIL-G-25667,  and  Type  V 
chemically  strengthened  glass,  MIL-G-25667. 

In  the  plate  .process,  a heated  viscous  glass  is  fed  from  a melting  tank 
into  a lehr  containing  water-cooled  rollers  to  form  a continuous  ribbon 
of  glass  sheet.  This  sheet  is  then  fed  between  twin  grinders  to  impart 
the  necessary  flatness  and  surface  finish. 

In  the  float  glass  process,  melted  glass  is  fed  onto  a bed  of  molten 
tin.  Because  the  tin  is  kept  in  a liquid  state  and  is  denser  than  glass, 
the  floating  sheet  formed  on  the  surface  will  be  limited  in  flatness 
and  parallelism  only  by  the  curvature  of  the  earth  and  surface  tension 
forces  at  the  edge  of  the  bath.  Plate  glass  is  initially  weaker  than 
float  glass  since  the  mechanical  grinding  process  does  not  produce  as 
smooth  a surface  finish  as  the  "fire-polished"  float  process.  However, 
the  strength  difference,  due  to  microscopic  surface* cracks  in  the  plate 
glass,  is  minimized  after  either  glass  has  received  normal  service  wear. 
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16.4.1  Glass  Tempering 


Annealed  glass  has  an  intrinsic  tensile  strength  of  approximately 
6000  psi  that  may  be  increased  to  over  50,000  psi  by  tempering.  The 
tempering  may  be  accomplished  by  either  thermal  or  chemical  means.  In 
the  thermal  tempering  process,  the  glass  is  heated  to  a temperature 
close  to  its  softening  point  and  then  cooled  rapidly  by  a cooling  air 
blast.  The  sudden  cooling  of  the  glass  product  at  high  temperature 
introduces  a temperature  gradient  between  the  surface  and  the  core 
that  is  practically  without  mechanical  stress,  since  the  glass  is  soft 
enough  to  yield.  The  glass  is  then  cooled  down,  bringing  the  surface 
to  room  temperature  while  the  core  remains  hot.  As  the  core  continues 
co  cool,  the  glass  becomes  rigid  and  cannot  yield,  and  stress  is  induced 
so  that  the  core  is  in  tension  and  the  outer  surface  is  in  compression. 
The  resulting  parabolic  stress  distribution  through  the  cross  section 
is  illustrated  in  Figure  16-1. 

Chemical  tempering  produces  a similar  stress  distribution,  as  illus- 
trated in  Figure  16-2,  but  by  a completely  different  mechanism.  In 
this  process,  annealed  flat  or  formed  glass  is  immersed  in  a molten 
alkali-nitrate-salt  bath  for  a specified  time.  During  this  period, 
small  alkali  ions  near  the  surface  ot  the  glass  are  replaced  by 
larger  alkali  ions  from  the  salt  bath.  The  resultant  crowding  of  the 
larger  ions  at  the  surface  induces  compressive  stress  that  must  be 
held  in  equilibrium  by  tension  in  the  central  region. 


Figure  16-1.  Thermal  Tempered  Glass  Residual  Stress  Distribution. 


Figure  16-2.  Chemical  Tempered  Glass  Residual  Stress  Distribution. 
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Several  unique  characteristics  depend  on  this  stress  distribution. 

Glass  always  fails  in  tension,  never  in  compression  or  shear.  For 
structural  failure  to  occur  in  glass,  the  applied  stress  must  exceed 
both  the  annealed  glass  strength  plus  the  residual  surface  compressive 
stress.  The  compressive  surface  stress  or  case  can  range  in  depth 
from  10%  to  20%  of  the  material  thickness.  This  depth  is  reduced  when 
the  glass  is  loaded  in  flexure. 

Since  most  of  the  strength  of  tempered  glass  is  in  the  thin  region  of 
compression,  any  scratches  or  surface  cracks,  however  shallow,  can 
have  deleterious  effects  on  the  material  strength.  It  is  inevitable 
that  surface  flaws  will  occur  in  service  or  during  handling,  and  it  is 
for  this  reason  that  abraded  or  reduced-strength  properties  are  custo- 
marily used  for  the  design  of  glass  components. 

Once  tempered,  glass  will  shatter  if  cut,  trimmed,  drilled,  or  other- 
wise altered.  This  phenomenon  occurs  when  the  surface  compressive 
layer  is  penetrated,  thus  disturbing  the  equilibrium  of  the  internal 
stresses.  The  level  and  control  of  the  tempering  process  are  also 
determining  factors  in  fracture  or  dicing  patterns.  Generally,  the 
higher  the  temper,  the  smaller  the  size  of  the  glass  particles. 

16.5  Thermosetting  Polyester,  MIL-P-8257 

The  abrasion  resistance  of  this  polyester  material  is  superior  to  that 
of  acrylic  or  polycarbonate.  However,  notch  sensitivity,  poor  impact 
properties,  and  low  strength  have  relegated  the  material  to  non- 
structural  applications  such  as  outer  facings  on  laminated  windshields. 

16.6  Standard  Gauges 

Standard  gauges  and  thickness  tolerances  for  the  common  transparent 
materials  are  presented  in  Tables  16-1  through  16-4.  Actual  availa- 
bility of  these  sizes  is  subject  to  commercial  conditions,  and 
suppliers  should  be  contacted  early,  during  the  desian  stage,  for  con- 
firmation of  availability. 

16.7  Physical  Properties 

A summary  of  the  physical  properties  of  the  common  transparent  materials 
is  presented  in  Tables  16-5  and  16-6.  Separate  tables  are  used  to  pre- 
sent glass  and  plastic  properties  because  the  characteristics  of  these 
materials  are  sufficiently  different  to  render  certain  properties  unique 
to  each  class  of  materials.  In  general,  the  values  listed  are  short-term, 
room- temperature  properties.  Many  of  these  properties  are  dependent 
upon  the  environment,  the  duration  of  loading,  and  the  test  method. 

Some  of  the  factors  that  could  influence  singular  value  properties 
are  discussed  in  the  subsequent  section  on  mechanical  properties 
of  transparent  glazing  materials. 
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TABLE  16-1.  STANDARD  THICKNESSES  AND  TOLERANCES  OF 

CAST  ACRYLIC  SHEET  (MIL-P-8184  and  MIL-P-5425) 

Tolerance  (in.) 


Nominal 

Thickness 

(in.) 

Sheets  up  to  and 
including  36  by 

60  and  40  by  50 
in. 

Sheets  larger  than 
36  by  60  or  40  by 

50  to  and  includ- 
ing 53  by  80  and 

60  by  72  in. 

Sheets  larger  than 
53  by  80  and  60  by 
72  to  and  includ- 
ing 72  by  90  and 

67  by  102  in. 

.060 

-.012 

— 

— 

.080 

-.012 

-.020 

— 

.100 

-.012 

±.020 

-- 

.125 

-.015 

±.020 

±.030 

.1.50 

-.017 

±.020 

±.030 

.187 

-.020 

±.023 

±.030 

.220 

-.023 

±.025 

±.030 

.250 

-.025 

±.030 

±.035 

.312 

-.030 

±.035 

±.040 

.375 

-.035 

±.040 

±.045 

.417 

±.040 

±.045 

±.045 

.500 

-.040 

±.045 

±.050 

.625 

±.050 

±.050 

±.060 

.750 

-.050 

±.050 

±.065 

.875 

±.050 

±.050 

±.070 

1.000 

±.050 

±.050 

±.075 

MIL-P-25690  stretched  acrylic  is  obtained  by  bi axially  stretching 
MIL-P-8184  acrylic.  The  actual  thickness  of  the  stretched  sheet  shall 
be  the  nominal  thickness  ±10%  for  thicknesses  of  .250  inch  and  above, 
and  ± .020  inch  tolerance  for  all  thicknesses  of  .250  inch. 
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TABLE  16-2.  STANDARD  THICKNESSES 

AND  TOLERANCES  OF  MIL-P-8257 
THERMOSETTING  PLASTIC  SHEFT 

TABLE  16-3.  STANDARD  THICKNESSES 
AND  TOLERANCES  OF  MIL-P-83310 
POLYCARBONATE  SHEET 

Nominal 

Thickness 

(in) 

Tolerance 

(in) 

Nominal 

Thickness 

(in) 

Tolerance 

(in) 

.060 

-.010 

.060 

-..006 

.080 

-.010 

.080 

i.008 

.100 

i.oic 

100 

-.009 

.125 

-.013 

125 

-.010 

.150 

-.015 

.187 

-.015 

.187 

i.019 

250 

i.020 

.220 

-.022 

.375 

i.030 

.250 

-.  025 

.500 

-.040 

.312 

-.031 

750 

-.050 

.375 

-.  038 

1.000 

-.050 

.417 

^.042 

- 

- 

.500 

^.050 

- 

- 

.750 

i.060 

- 

_ 

TABLE  16-4,  STANDARD  THICKNESSES  AND  TOLERANCES 
OF  MIL-G-25667  GLASS 


Nomi nal 

Thickness 

(in.) 

Tolerance 

(in.) 

Commercial 

Designation 

.050 

(Cnemcor  0319)* 

.085 

(Chemcor  0401)* 

.095 

i.005 

(Herculite  I)** 

.110 

(Herculite  II)** 

.125 

-.016 

.187 

-.016 

.203 

-.032 

.250 

-.032 

.375 

-.032 

.500 

-.032 

.625 

-.032 

.750 

-.032 

.875 

i.032 

1.00 

-.032 

1.25 

-.032 

♦Corning  Glass  Works,  Coming,  New  York 
**PPG  Industries,  Huntsville,  Alabama 
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Data  from  Ref.  1,4,5 
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16.8  Mechanical  Properties 

The  responses  of  transparent  materials  to  environmental  and  structural 
loading  are  very  different  from  those  of  common  materials  used  in  air- 
craft construction,  and  thus  warrant  special  comment.  Whereas  the  static 
strength  of  a metal  structure  is  usually  based  on  the  material's  ulti- 
mate or  yield  strength,  additional  considerations  are  necessary  to  pro- 
vide adequate  service  life  for  transparent  structures.  These  special 
factors  are  discussed  below. 


16.8.1  Tensile  Strength 

Short-term  stress-strain  curves  for  several  common  transparent  materials 
are  plotted  in  Figure  16-3.  Typically,  the  minimum  strength  for  trans- 
parent plastics  is  obtained  when  the  load  is  applied  slowly,  in  the 
order  of  0.2  in/minute  or  less,  since  higher  loading  rates  tend  to  be 
more  indicative  of  impact  strength  than  static  strength.  Material 
thickness  is  also  a factor,  with  thin  materials  generally  exhibiting 
higher  strength. 

The  tensile  strength  of  glass  is  measured  as  modulus  of  rupture  in 
bending  because  it  is  a very  brittle  material  and  difficult  to  test  in 
tension.  Verification  of  glass  strength  is  accomplished  by  either 
proof  loading  or  optical  measurement  of  birefringent  lines  Red  ced 
allowables  for  design  purposes  should  be  based  on  the  following 
factors. 


16.8.2  Temperature  Effects 

The  strengths  of  all  transparent  materials  except  glass  are  severely 
affected  by  normal  temperature  variations.  In  Figures  16-4  through 
16-8,  the  wide  variations  of  tensile  strength  and  the  modulus  of 
elasticity  between  high  and  low  temperatures  are  shown  for  five  dif- 
ferent plastic  materials.  The  materials  are  considerably  weaker  at 
high  temperatures  than  at  room  temperature,  and  they  are  stronger 
and  stiffer  at  low  temperature  than  at  room  temperature. 
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Strain,  % 


A MIL-P-8257  Thermosetting  Polyester 
B MIL-P-818I4  Modified  Acrylic 
C MIL-P-5^25  Heat  Resistant  Acrylic 
D MiL-P-25690  Stretched  Acrylic 

E MIL-P-83310*  Polycarbonate  Data  from  Ref.  1 

F MIL-G-25667  Glass 

•Dried  18  Hr  at  + 26t  Deg  F Before  Testing 

Figure  16-3.  Tensile  Stress -Strain  Curves  for  Some  Transparent 
Slating  Materials  at  Room  Temperature. 
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Temperature,  °F  Data  From  Ref.  1 

Figure  16-5.  Effect  of  Temperature  on  Tensile  Properties  (Short- 
Time  Test)  of  MIL-P-8257  Thermosetting  Polyester 
Material . 


Figure  16-6.  Effect  of  Temperature  on  Tensile  Properties  (Short 
Time  Test)  of  MI L-P-5425  Cast  Acrylic  Material. 
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Data  From  Ref.  1 & 2 


figure  16-7.  Effect  of  Temperature  on  Tensile  Properties  (Short- 
Time  Test)  of  MIL-P-25690  Stretched  Acrylic  Material 
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16.8.3  Duration  of  Loading  Effects 


Long-term  loading  will  have  deleterious  effects  on  most  transparent 
materials.  Glass  is  subject  to  static  fatigue,  while  thermoplastics 
suffer  from  stress-crazing  or  creep  rupture. 


Figure  16-9  illustrates  the  deterioration  of  static  strength  with  time 
for  plastic  materials.  Figure  16-10  shows  the  time  to  craze  for  both 
cast  and  stretched  acrylic.  The  stress  levels  in  this  curve  will  be 
even  lower  at  elevated  temperatures. 


Glass  exhibits  static  fatigue  (time  dependent  loss  in  strength)  in  a 
humid  environment  while  under  tensile  load.  The  effect  of  sustained 
loading  on  the  breaking  strength  of  annealed  sheet  glass  is  shown  in 
Figure  16-11.  The  effect  is  cumulative. 


16.8.4  Fatigue 

Transparent  plastic  materials  are  subject  to  loss  of  strength  from 
repeated  application  of  structural  loading.  A set  of  flexurcl  fatigue 
curves  for  acrylic  plastic  is  presented  in  Figure  15-12. 


16.8.5  Surface  Finish 

Acrylic  plastics  and  polycarbonates  are  susceptible  tc  crazing.  Crazing 
may  be  defined  as  a network  of  fine  cracks  or  fissures  on  the  surface 
of  the  part,  which  are  only  several  thousandths  of  an  inch  in  depth. 
Stress  concentration  will  occur  at  the  base  of  the  cracks  and  will  af- 
fect structural  strength.  Crazing  of  cast  acrylic  is  particularly 
damaging,  and  crazing  cracks  0.006  inch  deep  resulted  in  a 30%  loss  in 
tensile  strength  of  MI L- P-5425  in  one  investigation.  In  contrast, 
stretched  acrylic  suffered  only  a 10%  loss  of  original  strength  when 
severely  crazed  to  a depth  of  .030  inch.  While  polycarbonate  is  also 
susceptible  to  crazing  uamage,  its  effect  on  static  strength  has  not 
been  documented,  although  it  does  have  a very  pronounced  effect  in 
reducing  impact  strength. 
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mm 


TIME  TO  PRODUCE  FAILURE,  sec 

Data  from  Ref.  1 


Figure  16-11.  The  Effect  of  Sustained  Loading  on  the  Breaking 
Strength  of  Annealed  Glass. 


MIL^P-54251 Cast  Acrylic 
MIL-P-25690  Stretched  Acrylic 
MjL-P-8l8j  Modified  | 

I Cast  Acrylic 


Cycles  to  Failure 


Data  from  Ref. 


Figure  16-12. 


Flexural  Fatigue  Curves  for  0.250-Inch-Thick  Plastic 
Glazing  Materials  at  Room  Temperature. 
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16.8.6  Notch  Sensitivity 


The  notch  sensitivity  of  the  common  transparent  materials  is  very  low 
iii  comparison  to  familiar  metals  used  in  aircraft  construction.  Fracture 
due  to  notch  sensitivity  occurs  be. ause  of  stress  concentration  at  flaws 
such  as  nicks,  scratches,  star  fractures,  and  machining  or  tool  marks. 
K--value  or  crack  propagation  resistance  is  the  energy  required  to  propa- 
gate a crack  of  defined  area;  the  test  procedure  used  for  measuring  this 
data  is  defined  in  specification  MIL-P-25690. 

Because  of  an  infinite  variety  of  defects,  and  the  impractical ity  of 
applying  tie  Izod  and  K-value  results  directly,  this  information  is 
useful  only  for  determining  the  relative  ranking  of  different  materials. 
Table  16-7  compares  crack  propagation  values  for  common  transparent 
materials  with  2024-T3  'luminum. 

TABLE  16-7.  RELATIVE  CRACK  PROPAGATION  RESISTANCE  OF  VARIOUS 
MATERIALS 


Material 


K-Value 

(103lb)3/2 

in 


2024-T3  Aluminum  63.2 
MIL-P-83310  Polycarbonate  5.3 
MIL-P-25690  Stretched  Acrylic  3.2 
MIL-P-5425  Cast  Acrylic  1.2 
MIL-P-8257  Polyester  0.4 
MIL-P-8184  Cast  Acrylic  1.3 
Glass,  in  air  0.  3 


K-values  are  temperature  dependent  for  plastic  materials.  This  rela- 
tionship is  illustrated  in  Figure  16-13. 

Glass  and  MIL-P-S257  polyester  are  considered  to  have  such  a poor  notch 
sensitivity  that  they  are  not  normally  used  for  monolithic  applications 
and  must  be  laminated  to  preclude  shattering  from  foreign  object  or 
service- induced  damage.  Tests  have  snown  that  star  fractures  can  reduce 
tensile  and  bending  strengths  to  only  20%  of  their  original  values  for 
polyester. 

Cast  acrylics  are  also  highly  sensitive  to  notch  defects  and  have  low 
crack-propagation  resistance.  Signficant  reduction  iri  both  impact  and 
flexural  strength  can  result  from  deep  sharp-edged  nicks  or  scratches. 

The  notch  sensistivity  of  acrylic  is  greatly  decreased  and  the  resistance 
to  crack  propagation  greatly  improved  by  stretching,  and  the  stretched 
material  has  thus  found  widespread  acceptance  for  general  applications. 
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MI L- P-8331 0 polycarbonate  has  good  notch  sensitivity  and  resistance 
to  crack  propagation  except  after  exposu.-e  oil.  t-s;  , ation 

for  extended  periods.  Reduction  in  notched  Izod  strength  of  5Q%  has 
been  observed  for  polycarbonate  after  six  months  of  weathering.  Poly- 
carbonate also  exhibits  a transition  from  being  a ductile  material 
to  being  a brittle  material  when  the  thickness  is  increased  above  0.140 
to  0.180  inch,  as  measured  by  impact  tests. 

16.8.7  Bearing  Strength 

Bearing  strength  in  Table  16-5  was  presented  for  only  two  materials, 
MIL-P-25690  stretched  acrylic  and  MIL-P-83310  polycarbonate,  because 
the  other  transparent  materials  listed  have  such  poor  notch  sensitivity 
that  they  are  not  suited  for  applications  using  mechanical  fasteners, 
for  which  this  data  is  applicable.  The  values  listed  are  for  4%  hole 
elongation  measured  at  room  temperatures. 

Bearing  strength  for  polycarbonate  remains  relatively  constant  up  to 
160°F;  however,  the  bearing  strength  for  stretched  acrylic  drops  to 
6000  psi  at  that  temperature. 

16.8.8  Thermal  Expansion 

The  coefficients  of  thermal  expansion  for  several  transparent  materials 
are  shown  in  Figure  16-14.  With  the  exception  of  glass  and  polycarbon- 
ate, the  coefficients  of  thermal  expansion  for  transparent  materials  are 
temperature  dependent.  For  MIL-P-25690  stretched  acrylic  at  temper- 
atures above  200°F,  thermal  relaxation  occurs  and  the  material  starts 
to  shrink  back  to  its  original,  unstretched  state. 

These  curves  are  useful  for  determining  the  amount  of  expansion  or 
contraction  of  transparent  materials  relative  to  structure  or  other 
transparent  materials  in  laminated  panels  or  assemblies. 

16.9  Design  Allowables 

There  are  many  conditions  that  can  and  do  occur  in  service  to  cause 
mechanical  properties  of  transparent  materials  to  deteriorate  from 
their  original  values.  These  conditions  include  the  envir  tfunt, 
repeated  load  application,  and  foreign  object  damage,  and  .,e  impossible 
to  avoid.  Therefore,  it  is  considered  prudent  to  reduce  allowable 
material  strength  properties  for  design  purposes  to  insure  adequate 
service  life. 


256 


Temperature,  °F 


— MII-P-5425  Cast  Acrylic 

--  MIL  - p ~8l84  Modified  Cast  Acrylic 
MiL-P-6257  Polyester 
MXL-P-  25690  (Swedlow)Stretchea  Acrylic 

— Polycarbonate,  Lexan  9030-2 

Data  From  Ref.  1 & 2 


Figure  16-14.  Coefficient  of  Linear  Expansion  Versus  Temperature 
for  Various  Transparent  Glazing  Materials. 


The  values  in  Table  16-8  are  listed  as  typical  working  or  limit  stresses 
that  can  be  used  for  helicopter  transparent-enclosure  design  and  should 
be  aujusted  for  specific  applications.  It  should  be  noted  that,  al- 
though the  allowables  stresses  for  some  plastic  materials  are  low  in 
comparison  with  their  ultimate  strengths,  the  plastic. materials  have 
low  moduli  of  elasticity,  and  deflection  considerations  would  ordinarily 
govern  the  design  to  preclude  the  use  of  higher  operating  stresses. 


TABLE  16-8. 


ALLOWABLE  TENSILE  STRESSES  FOR  HELICOPTER 
TRANSPARENT  ENCLOSURES 


Material 


Tensile  Limit  Stresses 
(psi) 


MIL-P-5425  Cast  Acrylic 


MIL-P-8184  Modified  Cast  Acrylic  1500 


MIL-P-25690  Stretched  Acrylic 


MI L-P-8331 0 Polycarbonate  (Coated)  6000 


MIL-P-83310  Polycarbonate 
(Uncoated) 


Semi  tempered  glass 


Chemically  tempered 
glass 


undetermined 


* Modulus  of  rupture  in  bending 


Criteria 


Crazing  threshold 
Crazing  threshold 
Crazing  threshold 
2/3  of  Ultimate  Strength 
Crazing  threshold 


2/3  of  long  term 
abraded  strength 


Abraded  strength 
unknown 


I 


SgggggjgK^wggggfc  j|ggg|S>  “.*  xiSsWA-X-— t,  ~~~-  it -ryii.f~«>«^  ..-rwww 


16.10  Material  Attributes 

A matrix  summarizing  advantages  and  disadvantages  of  each  of  the  common 
transparent  glazing  materials  is  presented  in  Table  16-9. 

TABLE  16-9.  SUMMARY  OF  TRANSPARENT  GLAZING  MATERIAL  ATTRIBUTES 


Material 

Advantages 

Disadvantages 

MIL-P-5425 

1.  Excellent  formability 

i.  Very  poor  resist- 

Cast  Acrylic 

ance  to  stress- 
solvent  crazing 

2.  Surface  restoration 

2.  Poor  crack  propa- 

is  possible 

gation  resistance 

3.  Poor  abrasion  re- 
sistance 

MIL-P-8184 

1.  Excellent  formability 

1.  Poor  resistance  to 

Modified  Cast 

stress-solvent 

Acryl ic 

crazing 

2.  Surface  restoration 

2.  Poor  crack  propa- 

is  possible 

gation  resistance 

3.  Poor  abrasion  re- 
sistance 

MIL-P-8257 

1.  Moderate  abrasion 

1 . Very  poor  notch 

Polyester  Sheet 

resistance 

and  impact  re- 
sistance 

2.  Good  solvert  resistance 

2.  Contour  forming 

1 imitations 

3.  Low  strength  at 
high  temperature 

4.  Not  recommended  fo 
monolithic  appli- 
cations 
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TABLE  16-9.  SUMMARY  OF  TRANSPARENT  GLAZING  MATERIAL  ATTRIBUTES 
(cont'd) 


Material 

Advantages 

Disadvantages 

MIL-P-83310 
Polycarbonate  Sheet 

1.  Excellent  toughness 
and  crack  propagation 
resistance 

1. 

Very  poor  abrasion 
resistance 

2.  Excellent  high  temperature  2. 
properties 

Low  resistance  to 

stress-solvent 

crazing 

3.  Flame  retardant 

3. 

Long-term  physical 
properties  not 
fully  evaluated 

4.  Very  ductile 

5.  Excellent  ballistic 
properties 

MIL-P-25690 

Stretched  Acrylic 

1.  Good  crack  propagation 
resistance 

1. 

Poor  abrasion  re- 
sistance 

2.  Good  stress-solvent 
resistance 

2. 

Subject  to  creep 
at  high  tempera- 
tures 

3.  High  ductility 

3. 

More  expensive  than 

cast  acrylic 

4.  Surface  can  be  restored  4.  Low  shear  strength 

parallel  to  the 
surface 

5.  Good  ballistic  properties 


MIL-P-25G67 

1.  Excellent  abrasion 

1. 

Low  strength-to- 

Glass 

resistance 

veight  ratio 

2.  Excellent  optical 

2. 

Contour  forming 

properties 

1 imitations 

3.  Impervious  to  chemical 

3. 

Very  poor  notch 

attack 

sensitivity  and 
crack  propagation 

4.  Does  not  deteriorate 

resistance 

from  aging 

4. 

Very  brittle 

.»  . 'fyda*.-!. 
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17.0 


INTERLAYERS  - MECHANICAL  AND  PHYSICAL  PROPERTIES 


Interlayers  are  transparent  adhesives  used  to  bond  the  individual  com- 
ponent plies  together  in  laminated  transparent  assemblies.  Laminating 
is  used  for  the  following  purposes: 

a.  To  join  dissimilar  transparent  materials  in  order  to  create 

a hybrid  with  properties  superior  to  those  of  its  constituents. 

b.  To  imbed  electrical  heating  systems  in  the  assembly. 

c.  To  provide  a flexible  medium  to  improve  shatter  and  impact 
characteristics. 

d.  To  form  mulitple  ply  laminates  for  special  applications  such 
as  transparent  armor. 

Currently  available  interlayers  are  proprietary  products  not  covered 
by  Government  specifications.  Hence,  a particular  interlayer  may  have 
limited  availability.  Manufacturing  methods  for  lamination  and  pro- 
cessing may  also  be  proprietary.  Engineers  should  bear  this  in  mind 
when  preparing  design  specifications  and  should  work  closely  with  the 
appropriate  suppliers  to  obtain  current  material  data. 

The  materials  described  in  this  section  include  some  of  the  more  common 
interlayers  used  for  helicopter  transparencies.  The  important  variables 
are  as  follows: 

Tensile  and  shear  strength  versus  temperature 

Elongation  versus  temperature 

Adhesive  strength 

Environmental  resistance 

Thermal  conductivity  and  specific  heat 

Coefficient  of  thermal  expansion 

Chemical  compatibility  with  substrate 

Producibility 

The  relationship  between  physical  properties  and  temperature  for 
interlayers  is  most  important  since  values  change  drastically  over 
a normal  operating  temperature  range. 

17.1  Interlayer  Forms 

Plastic  interlayers  are  available  in  two  forms:  sheet  and  liquid  resin. 
Polyvinyl  butyral  and  ethylene  terpolymer  are  normally  supplied  in 
sheets,  0.015  inch  or  0.025  inch  thick,  while  silicone  and  poly- 
urethane varieties  are  liquid  "cast-in-place,!  (CIP)  resins.  Most 
transparency  manufacturers  can  produce  laminates  using  either  sheets 
or  cast- in-place  interlayers;  however,  aside  from  material  properties, 
preferences  are  strongly  influenced  by  producibility  and  cost. 
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Sheet  interlayers  are  in  general  easier  to  use,  and  vacuum  bag  tech- 
niques can  frequently  be  employed  during  lamination.  CIP  interlayers 
require  more  sophisticated  tooling  to  maintain  thickness  and  parallel- 
ism. However,  this  enables  the  interlayer  to  fill  in  local  depression 
or  tapered  thickness  variations  on  the  interlayer  side  of  the  facing. 
Careful  controls  are  also  required  for  CIP  interlayers  to  prevent  the 
formation  of  bubbles  or  voids  within  the  cured  interlayer.  Therefore, 
the  minimum  thickness  commonly  accepted  for  cast-in-place  interlayers 
is  0.100  inch,  while  sheet  interlayer  thickness  as  low  as  0.060  inch 
is  possible. 

17.2  Polyvinyl  Butyral 

Polyvinyl  butyrai  (PVB)  has  been  the  most  widely  used,  general-purpose 
interlayer  material  for  laminating  transparent  materials  in  the  air- 
craft and  automotive  industries.  For  glass  laminates,  about  20  parts 
of  triethylene  glycol  di-2-ethyl  butyral  plasticizer  (3GH)  are  used 
per  hundred  parts  of  resin.  Additional  plasticizer  is  required  for 
plastic  laminates  to  improve  the  thermal  compatibility  of  interlayer 
and  facings,  and  37.5  parts  of  dibutyl  is  used  per  hundred  parts  of 
rosin. 

PVB  has  excellent  toughness  at  room  temperature  and  for  years  has 
served  as  a medium  to  birdproof  windshields  on  fixed-wing  aircraft. 

Its  adhesion  to  glass  is  so  great  that  when  tested  to  destruction, 
glass  failure  often  occurs  prior  to  bond  failure. 

PVB  also  has  severe  limitations.  These  include  a tendency  to  produce 
bubbles  when  exposed  to  temperatures  above  200°F  for  extended  periods 
of  time.  Moisture  penetration  wil!  damage  PVB  and  is  one  of  the  major 
causes  of  delamination.  The  temperature  coefficient  of  expansion 
of  PV3  is  approximately  thirty  times  as  great  as  that  of  glass,  and  as 
PVB  hardens  at  low  temperatures,  special  design  techniques  must  be 
employed  to  preclude  service  problems.  PVB  is  also  chemically  in- 
compatible with  polycarbonates,  and  special  tie  coats  or  primers  are 
employed  if  the  two  materials  are  used  together. 

Room  temperature  properties  for  PVB  are  shown  in  Table  17-1.  Mechanical 
properties  of  PVB  are  drastically  affected  by  temperature.  At  low 
temperatures  PVB  is  a brittle  material  with  considerable  strength  and 
rigidity,  while  at  high  temperatures,  it  behaves  almost  as  a viscous 
fluid  and  has  virtually  no  strength.  The  variations  of  modulus  of 
elasticity,  ultimate  strength,  and  elongation  properties  are  shown  in 
Figures  17-1,  17-2,  and  17-3. 
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TABLE  17-1.  ROOM  TEMPERATURE  PROPERTIES  OF  POLYVINYL  BUTYRAL 


Density  (lb/in  ) 

Index  of  Refraction 
Light  Transmission  (%) 

Haze  {%) 

Thermal  Conductivity 
(Btu/(br-fr  - °F  - in)) 

Specific  Heat  (cal/ (cm-  F)) 
Coefficient  of  Expansion  (units/  F) 
Tensile  Strength  (psi ) 

Ultimate  Elongation  (%) 

Poisson's  Ratio 


.039 

1.483 

87  (.075  inch  thick) 
1 (.075  inch  thick) 


0.35 

21.2  x 10' 
570 
350 
0.46 


travel 

20  'c/ilr. 


-50  0 «-5C  100  *150  * 200  »250  *300 

Temperature  of  Interlayer 

Data  Lrom  Ref.  1 

Figure  17-1.  Tensi1o  Modulus  of  Polyvinyl  Butyral  (PVB)  Interlayer. 


17.3  Ethylene  Terpolymer 

Ethylene  terpolymer  (ETP)  was  developed  as  an  optimum  adhesive  inter- 
layer sheet  for  glass  polycarbonate  laminates.  Other  interlayers  such 
as  polyvinyl  butryal  are  unsuitable  for  use  in  transparent  polycarbon- 
ate laminates  without  special  tie  coats  or  primers.  A limited  amount 
of  testing  conducted  on  glass-polycarbonate  laminates  has  demonstrated 
the  integrity  of  the  adhesive  during  ballistic  impact  at  room  tempera- 
ture. 
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Physical  properties  of  ethylene  terpolymer  have  not  been  fully  evalu- 
ated, and  only  limited  data  is  available.  Comparisons  of  tensile 
strength  and  tensile  elongation  for  ethylene  terpolymer  (ETP)  versus 
polyvinyl  butyral  (PVB)  are  shown  in  Figures  17-2  and  17-3. 

17.4  Silicone-Base  Interlayers 

Silicone-base  interlayers  are  extremely  flexible  materials  that  were 
developed  to  accommodate  the  la  ® expansion  differential  between 
glass  and  plastic  without  exc-'  /e  stress  buildup.  The  material 
has  excellent  high- temperature  properties  and  maintains  very  uniform 
physical  properties  throughout  a wide  range  of  temperatures.  Tensile 
strength  and  elongation  characteristics  versus  temperature  are  shown 
in  Figures  17-2  and  17-3. 

SS52725  (HT)  is  a representative,  cast-in-place,  silicone-base  inter- 
layer produced  by  Swedlow,  Inc.  This  material  has  demonstrated  super- 
ior resistance  to  SO^  attack,  which  caused  severe  degradation  of  earlier 
silicone  interlayers?  Room  temperature  physical  properties  for  SS5272Y 
(HT)  are  presented  in  Table  17-2. 


TABLE  17-2.  ROOK  TEMPERATURE  PROPERTIES  OF  SWEDLOW  SS5272Y  (HT) 
SILICONE-BASE  INTERLAYER 


Density  (lb/in3) 

.037 

Index  of  Refraction 

1.405 

Light  Transmission  (%) 

89 

Haze  (%) 

1.0 

Thermal  Conductivity 

0.988 

(Btu/(hr- ft  -°F-in)) 

Specific  Heat  (cal/(cm-°F) 

0.31 

Coef.  of  Thermal  Expa  -ion 
(units/F) 

21.2  x 

Tensile  Strength  (ps./ 

570 

Ultimate  Elongation  (%) 

400 

Data  from  Ref.  1 


17.5  Polyurethane-Base  Interlayers 

The  transparent  urethanes  are  the  most  recent  of  interlayer  materials. 
They  are  characterized  by  good  tear  strength  and  relatively  high 
tensile  strength.  PPG  112,  produced  by  PPG  Industries,  is  a poly- 
urethane-base interlayer. 


Elongation 


Temperature,  °F  Data  from  Ref.  1 


Figure  17-3.  Tensile  Elongation  Characteristics  of  ETP,  SS5272Y 
(HT)  and  PVB-3GH  as  a Function  of  Temperature. 


s 

i 

I 


s- 

1 

a 


$ 


1.  Hassard,  R.  S. , Goodyear  Aerospace  Corp. , "Plastics  for  Aerospace 

Vehicles,  Part  II  Transparent  Glazing  Materials,"  MIL-HDBK-17A,  Part  II 
(Proposed  Revision),  Air  Force  Materials  Laboratory,  Wright-Patterson 
Air  Force  Base,  Ohio,  Jan.  1973. 


Ball,  G.  L. , "A  Thermoplastic  Transparent  Adhesive  for  Bonding  Polycarbonate  *1 

to  Glass,"  AMMRC-CR-71-10,  Army  Materials  and  Mechanics  Research  Center,  j 

Watertown,  Mass.,  July  1971.  j 

Yamaguchi , W. , Swedlow  Inc.,  "High  Performance  Cast-In-Place  Interlayer,"  j 

WADC-TR-65-212,  Air  Force  Materials  Laboratory,  Wright-Patterson  Ai ' Force 
Base,  Ohio,  Sept.  1965. 

Digger,  K.  M. , "Design  of  High  Temperature  Aircraft  Windows,"  WADC-TR-65-212,  i 

Air  Force  Materials  Laboratory.  Wright-Patterson  Air  Force  Base,  Ohio, 

Sept.  1965. 

Wiser,  G.  L. .,  Sierracin  Corp.,  "Interlayers  and  Laminating,"  WADC-TR-65-212, 

Air  Force  Materials  Laboratory,  Wright-Patterson  Air  Force  Base,  Ohio, 

Sept.  1965. 

Mahaffey,  J.  E. , Rockwell  International  Corp.,  "Materials  Evaluation  B-l 
Crew  Module  Windshield  and  Windows,"  AFML-TR-73-126,  Air  Force  Materials 
Laboratory,  Wright-Patterson  Air  Force  Base,  Ohio,  June  1973. 

Bickford,  G. , The  Bceing  Co.,  "Interlayer  Needs  for  Subsonic  Windshields," 

AFML-TR-73-126,  Air  Force  Materials  Laboratory,  Wright-Patterson  Air  Force 
Base,  Ohio,  June  1973 


13.0  COATINGS 

Coatings  are  an  attractive  means  to  selectively  alter  physical  charac- 
teristics of  transparent  materials. 


They  are  categorized  by  function  or  intended  usage,  and  are  normally 
applied  as  proprietary  processes.  Identification  is  typically  by 
vendor  code  and  usage;  for  example,  Universal  123  anti  reflective 
coating.  Government  specifications  or  generic  material  classification 
are  normally  not  used. 


Certain  physical  characteristics  of  coatings  must  be  known  to  enable 
the  designer  to  establish  reasonable  performance  specifications.  The 
data  presented  herein  will  be  helpful  in  this  regard,  and  more  de- 
tailed information  can  be  obtained  directly  from  the  processors. 

The  coatings  that  have  potential  applications  to  helicopter  transparent 
enclosures  are  summarized  below. 


18. 1  Anti  reflective  Coatings 

The  function  of  an  antireflective  coating  is  to  attenuate  the  light 
reflected  from  a transparency.  Applications  include  the  reduction  of 
external  glint  and  internal  cockpit  reflections.  Antireflective  coat- 
ings were  discussed  in  more  detail  in  the  Optical  Factors  section  of 
this  handbook. 


18.2  Radar  Cross  Section  Reduction  Coatings 

A radar  reflective  coating  is  a metallic,  conductive  coating  that  is 
applied  to  a transparency  in  order  to  reflect  a radar  beam  away  from 
the  cockpit  cavity.  Radar  cross  section  reduction  treatment  is  neces- 
sary for  some  types  of  combat  helicopters  in  order  to  avoid  detection 
by  hostile  radar.  Section  5.0  of  this  handbook  is  devoted  to  radar 
reflective  coatings. 

18.3  Electromagnetic  Radiation  Protective  Coatings 

Electromagnetic  radiation  protection  may  be  necessary  for  shielding  the 
flight  crew  when  powerful,  radiating  avionics  equipment  is  carried  on 
board  the  helicopter.  Treatment  is  essentially  the  same  as  for  radar 
cross  section  reduction  coatings. 

18.4  Abrasion-Resistant  Coatings 

An  abrasion-resistant  coating,  or  hardcoat,  may  be  applied  to  a soft 
plastic  surface  to  enhance  the  material's  tolerance  to  abrasion.  A 
comprehensive  discussion  on  hardcoating  is  included  in  the  Abrasion 
section  of  this  handbook. 


) 


270 


kf. 


18.5  Rain  Dispersion  Coatings 


Rain  dispersion  coatings  reduce  the  surface  tension  between  water  and 
transparencies,  thereby  causing  the  water  to  form  beads  or  small  drop- 
lets to  enhance  visibility  in  rain.  A comprehensive  discussion  of  rain 
repellents  is  included  in  the  Rain  Removal  Systems  section. 

18.6  Static  Dissipation  Coatings 

Static  dissipation  coatings  are  used  to  prevent  static  electricity 
buildup  on  the  exterior  surfaces  of  transparencies.  This  phenomenon 
is  discussed  in  the  Static  Electricity  section  of  this  handbook. 

18.7  Electrical  Heating  Films 

These  films  are  thin,  virtually  transparent,  metallic  or  metallic  oxide, 
electrical-resistive  coatings  used  as  heating  mediums  for  some  anti-ice 
and  anti-fog  transparencies.  Ihe  thickness  of  a film  is  typically 
measured  in  angstrom  units  (10  y meter).  The  films  are  virtually  trans- 
parent to  directly  transmitted  light  but  are  visible  in  reflected  light 
with  characteristic  color  patterns  that  are  determined  by  thickness. 

Two  distinctly  different  coating  systems  are  used  for  this  function. 
Pyrolytic  applications  use  tin  oxide  or  similar  alloys,  which  are 
applied  to  a glass  substrate  at  around  1000°F.  This  temperature  is  near 
the  softening  point  of  glass  and  is  normally  accomplished  in  conjunction 
with  forming  and  tempering  processes.  The  process  is  only  applicable 
to  thermally  tempered  glass  and  cannot  be  used  on  chemically  tempered 
glass  or  plastic.  Although  other  metallic  alloys,  such  as  indium 
oxide,  have  now  been  developed  that  can  be  applied  to  tempered  glass 
at  about  500°F,  vacuum  deposition  techniques  must  be  used  for  plastic 
materials.  Gold  is  one  of  the  materials  traditionally  used  in  this 
process.  The  gold  may  be  used  as  part  of  a coating  stack  that  incor- 
porates metal -oxide  film  on  either  side  of  the  gold.  These  stacks  act 
to  modify  conduction,  thus  changing  the  resistivity  limits.  They  also 
optically  "anti reflect"  the  gold.  Also  used  in  conjunction  with  con- 
ductive coatings  are  base  coats,  top  coats,  and  primers.  These  ad- 
ditional film  elements  are  required  in  order  to  enhance  adhesion,  to 
mask  substrate  surface  scratches,  and  to  offer  processing  protection 
to  the  conductive  film. 

The  coating  materials  differ  in  electrical  resistivity  and  light  trans- 
mission. Film  characteristics,  such  as  thickness,  transmittance,  and 
reflectance,  are  normally  related  to  resistivity. 

18.8  Coating  Resistivity 

Resistivity  for  electrically  conductive  coatings  is  measured  in  terms 
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of  ohms  per  square.  This  is  a nondimensional  measurement  and  applies 
to  any  size  of  square.  That  is,  the  number  of  ohms  remains  the  same 
regardless  of  the  area,  be  it  square  inches  or  square  miles.  This  can 
be  explained  by  considering  a square  element  of  coating  such  as  that 
shown  in  Figure  18-1.  The  electrical  resistance  to  a current  flowing 
in  the  direction  shown  is  directly  proportional  to  the  length  and 
inversely  proportional  to  the  width  and  thickness  of  the  element. 


Current 


Length 


Width 


it 


Thickness 


Figure  18-1.  Resistivity  of  a Square  Shape. 

The  resistance  will  not  change  if  the  area  of  the  square  is  increased 
or  decreased  while  the  thickness  is  held  constant  because  any  change 
in  resistance  due  to  increasing  or  decreasing  the  length  of  the  square 
is  exactly  offset  by  a corresponding  increase  or  decrease  in  width. 

Varying  coating  thickness,  then,  is  the  means  of  controlling  resistance. 

The  resistivity  of  any  coated  rectangular  panel  is  the  value  of  the 
bus-to-bus  resistance,  expressed  in  ohms,  divided  by  the  number  of  squares 
whose  sides  are  equal  in  length  to  the  bus  bar's  width  that  will  fit 
into  the  panel.  In  equation  form: 


(18-1) 


where 


resistivity  (ohms/square) 
bus  to  bus  resistance  (ohms) 
bus-bar  spacing 
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Figure  18-3.  Light  Transmission  Versus  Resistivity,  Sierracin  $-343 
Coating. 


TABLE  18-1.  COATING  RESISTIVITY 


Coatint: 


Resistivity  Range 
(Ohms/Square) 


Tin  Oxide 
Sierracin  S-3 
Sierracin  S-343 
Triplex  Hyviz* 
Swedlow  SS-6295 
Nesatron  Glass5' 

20-250 
8-  30 
3-  30 
6-100 
8-  25 

10-1000 

Data  from  Rtf.  3, 4, 5, 6,"’ 

* t rademark 
•"'•■adeoark 

- Triplex  Safety  Glass  Co. , Ltd. 

- PPG  Industries 

18.9  Solar  and  Infrared  Shielding 

Reflective  coatings  may  be  used  to  reduce  the  amount  of  heat  generated 
in  a helicopter  from  solar  radiation-.  On  small  helicopters,  solar 
radiation  can  cause  about  half  of  the  total  heat  load,  and  attenuation 
of  this  incident  energy  can  be  of  significant  advantage  in  lowering 
interior  temperatures  and  may  permit  the  size  of  the  environmental 
control  system  to  be  reduced. 

The  spectrum  of  solar  radiation  is  shown  in  Figure  18-4.  The  dis- 
tribution of  radiant  energy  is  approximately  8%  ultraviolet,  45%  visible 
light,  and  45%  infrared.  The  ideal  solar  shield  would  transmit  no  less 
than  70%  of  the  visible  light  and  reflect  100%  of  the  UV  and  IR  radiation 
This  is  in  contrast  to  tinted  plastics,  which  merely  prevent  the  trans- 
mission of  certain  colors  and  hence  restrict  a very  limited  amount  of 
energy  from  being  transmitted.  The  visible  color  spectrum  is  shown  in 
Figure  18-5.  For  heat  rejection  purposes,  reflectance  is  considered 
preferable  to  absorption  since  absorbed  energy  causes  heating  of  the 
material  and  subsequent  partial  transfer  of  this  heat  into  the  air- 
craft by  reradiation,  convection,  and  conduction. 


Ultra- 
violet Visible  Infrared 


Wavelength,  Microns 


Data  From  Ref.  2 


Figure  18-4.  Spectral  Distril-jtion  of  Solar  Radiant  Power  at 
Sea  Level  Perpendicular  to  the  Sun's  Rays. 
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Percent  of  Visible  Transmission 


A curve  showing  percent  of  terrestrial  solar  transmittance  for 
wavelengths  between  .395  microns  and  2.55  microns  versus  visible 
light  transmittance  of  a Sierracin  S-343A  coating  is  shown  in 
Figure  18-6. 

One  consequence  of  increased  reflectance  that  must  be  considered 
is  an  undesirable  mirror-like  appearance  of  the  coating  that  can 
accentuate  cockpit  glare  or  external  glint  signatures.  For  compan 
son,  glass  has  a visible  reflectance  of  4%. 


Wavelength  , Microns 
Fiaure  18-5.  Visible  Light  Spectrum. 
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Figure  18-6.  Shielding  of  Solar  Radiation  for  Sierracin 
S-343A  Coating. 
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ENVIRONMENTAL  EFFECTS 


19. 1 Weathering 

Exposure  to ‘natural  elements  promotes  the  degradation  of  certain,  types . 
of  transparent  materials.  The  elements  that  cause  degradation,  either 
singly  or  in  combination,  are  sunlight,  temperature,  moisture,  wind 
and  atmospheric-borne  abrasives  and  contaminants.  Of  these,  the  most 
damaging  factor  is  the  ultraviolet  portion  of  sunlight.  Ultraviolet 
radiation  causes  photochemical  reactions  in  some  materials  that  alter 
physical  properties.  Exposure  to  high  temperatures  can  cause  s'ow 
evaporation  of  plasticizers,  which  ultimately  embrittles  the  material. 
These  effects  are  cumulative. 


Glass  does  not  deteriorate  from  exposure  to  natural  weathering,  while 
most  plastic  materials  are  affected  to  varying  degrees. 

Mechanical  strength  properties  of  acrylic  and  polycarbonate  materials 
are  only  slightly  degraded  by  exposure  to  natural  .-feathering,  although 
significant  reductions  in  izod  strength  have  been  noted  for  polycarb- 
onate. Likewise,  optical  clarity,  as  measured  by  visible  light  trans- 
mittance, and  haze  are  also  affected.  Haze  in  acrylic  and  polycarbonate 
materials  can  be  expected  to  increase  one  or  two  percent  after  pro- 
longed exposure.  Yellowing  of  polycarbonate  also  becomes  apparent 
after  six  months  to  a year  cf  exposure  to  ultraviolet  light. 

Abrasion-resistant  coatings  are  particularly  susceptible  to  deterior- 
ation from  exposure  to  the  combination  of  high  temperature,  high 
humidity  and  sunlight.  Failure  mechanisms  differ  with  coating  type 
and  substrate.  The  following  failure  modes  have  been  obseived  after 
accelerated  weathering  tests  on  aifferent  hardcoat  materials. 

a)  Loss  of  adhesion 

b)  Cracking  of  tne  hardcoat 

c)  Clouding  or  excessive  haze 

a)  Loss  of  abrasion  resistance 

19. 2 Moisture 


Acrylic,  polyester,  and  polycarbonate  materials  are  hygroscopic  materi- 
als and  can  absorb  moisture  to  the  extent  shown  in  Table  16-5.  While 
this  absorption  has  negligible  effects  on  the  mechanical  properties 
of  the  material,  two  of  the  side  effects  may  be  of  interest. 

After  prolonged  exposure  to  high  humidity  at  elevated  temperatures, 
moisture  can  permeate  hygroscopic  facings  on  laminated  panels  to  ul- 
timately reach  the  interlayer.  This  moisture  can  lead  to  delamination 
for  certain  types  of  interlayer  materials  unless  suitable  barrier  coats 
or  other  preventative  measures  are  employed. 
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19.3  Chemical  Resistance 

The  chemical  resistance  of  transparent  materials  is  of  interest  because 
of  the  potential  for  damage  due  to  contact  with  fluids  and  vapors  as- 
sociated with  helicopter  maintenance  and  operations.  The  damage  at- 
t”ibutsd  to  chemical  attach  can  take  the  form  of  crazing,  clouding,  or 
L!ie  dissolving  of  material.  Stress-solvent  crazing  is  a typical 
'a i lure  mode  in  which  the  material,  when  stressed  in  tension,  will  de- 
velop crazing  in  the  presence  of  certain  chemicals.  Time  to  craze, 
chemical  concentration,  and  stress  level  are  all  interrelated  variables 
for  this  phenomenon. 

Glass  is  essentially  unaffected  by  most  chemicals  encountered  in  heli- 
copter operations,  while  plastic  materials  are  susceptible  to  chemical 
attack  in  varying  degrees. 

Acrylic  is  unaffected  by  most  inorganic  solutions,  mineral  and  animal 
oils,  and  low  concentrations  of  alcohol.  Oxidizing  acids  affect  the 
material  only  in  high  concentrations.  Lower  esters,  aromatic  hydro- 
carbons, phenols,  aryl  halides,  aliphatic  acids,  and  alkyl  polyhalides 
usually  have  solvent  actions. 

Polycarbonate  has  very  poor  chemical  resistance  to  many  substances  found 
in  an  aircraft  environment.  The  material  has  good  resistance  at  room 
temperature  to  water,  dilute  inorganic  and  organic  acids,  solutions  of 
neutral  and  acid  salts,  vegetable  oils,  aliphatic  hydrocarbons,  ethers, 
and  alcohols.  But  polycarbonate  is  readily  dissolved  by  certain  halo- 
genated  solvents  such  as  methylene  chloride,  dichlorethane,  and  chloro- 
form. Plasticization  and  crystallization  can  result  from  contact  with 
partial  solvents  such  as  low  molecular-weight  aldehydes  and  ethers, 
ketones,  esters,  aromatic  hydrocarbons,  and  perchlorinated  hydrocarbons. 
The  material  may  be  partially  or  completely  destroyed  by  alkali,  alkali 
salts,  amines,  or  ozone. 

Polycarbonate's  low  tolerance  to  chemical  attack  can  be  substantially 
improved  by  protective  coatings.  Typically,  such  coatings  are  those 
used  to  enhance  abrasion  resistance. 

Cast  polyester  is  more  resistant  to  chemical  attack  than  either  acrylic 
or  polycarbonate.  The  material  has  good  stress-solvent  crazing  pro- 
perties when  tested  with  isopropyl  alcohol  or  lacquer  thinner. 

A tabulation  showing  some  of  the  common  chemicals  that  can  damage 
plastic  glazing  materials  is  shown  in  Table  19-1. 


&3I 


No  data 


References 


1.  "Thermal  and  Differential  Bowing,"  PL-72e,  Rohm  and  Haas  Co., 

. . Philadelphia,  Pa.  ...  „ 

2.  Hassard,  R.  S. , Goodyear  Aerospace  Corp. , "Plastics  for  Aerospace 
Vehicles  Part  II  Transparent  Glazing  Materials,"  MIL-HDBK-17A,  Part  II 
(Proposed  Revision),  Air  Force  Materials  Laboratory,  Wright-Patterson 
Air  Force  Base,  Ohio,  Jan.  1973. 

3.  James,  H.  C. , et  al , Goodyear  Aerospace  Corp.,  "Design,  Test  and  Ac- 
ceptance Criteria  for  Army  Helicopter  Transparent  Enclosures," 
USSAAMRDL-TR-73-19,  U.  S.  Army  Air  Mobility  Research  and  Development 
Laboratory,  Ft.  Eustis,  Va. , May  1973,  AD  767242. 

Bibliography 

Hassard,  R.  S. , Goodyear  Aerospace  Corp.,  "Design  Criteria  Tran-.parent 
Polycarbonate  Sheet,"  AFM‘l-TR-72-117,  Air  Force  Materials  Laboratory, 
Wright-Patterson  Air  Force  Base,  Ohio,  Aug.  1972. 

Voss,  D.  L. , Sierracin  Corp.,  "Protective  Coatings,"  AFML-TR-73-126,  Air 
Force  Materials  Laboratory,  Wright-Patterson  Air  Force  Base,  Ohio,  June 
1973. 

"Plexiglas  Design  & Fabrication  Data,"  PL-229L,  Rohm  & Haas  Co., 
Philadelphia,  Pa. 

Wiser,  G.  L. , Sierracin  Corp.,  "New  Materials  in  Aircraft  Windshields," 
700862  Society  of  Automotive  Engineers,  Oct.  1970. 

McDonald,  W.  C. , and  Huyett,  R.  A.,  Goodyear  Aerospace  Corp.,  "Window 
Contoured  Glass/Plastic  Transparent  Armor  for  the  UH-1D  Helicopter," 
AMMRC-CTR-75-12,  Army  Materials  and  Mechanics  Research  Center,  Watertown, 
Mass.,  May  1975. 


282 


irfa ; -T»iflnr 


vs»; 


2° . ° ABRASION 

field  service  has  demonstrated  that  the  most  prevalent  problem  with 
Army  helicopter  windshields  is  abrasion  and  the  resultant  loss  of 
transparency.  ‘Abrasion  damage  is  ‘coi/sed'by  rubbing  6r  particle 
impingement,  and  occurs  in  a m/mher  of  different  ways,  some  of  which 
are  enumerated  below. 

Windshield  wipers  are  one  of  the  main  causes  of  abrasion  because  of 
their1  propensity  to  oscillate  with  abrasive  particles  trapped  between 
their  blades  and  the  windshield  surface.  Figure  20-1  shows  a severe 
example  of  the  type  of  damage  that  results  from  windshield  wipers  used 
in  conjunction  with  plastic-faced  windshields. 


Figure  20-1.  Windshield  Wiper  Abrasion  Damage. 

Other  forms  of  rubbing  abrasion  are  random  in  nature  and  include 
improper  cleaning  techniques  and  contact  with  hard  objects. 

Blowing  sand  and  dust  found  in  sandstorms  or  induced  by  rotor  downwash 
are  the  more  aggressive  forms  of  impingement  abrasion.  Hail  and  ice 
crystals  will  not  normally  damage  helicopter  transparencies  because  of 
relatively  low  impingement  velocities.  However,  specialized  coatings 
applied  to  exterior  surfaces  are  subject  to  attack  by  these  elements 
and,  in  some  cases,  can  even  be  eroded  by  rain  or  water  from  high 
pressure  hoses  used  to  wash  aircraft. 


2B3 


20.1  Effects  of  Abrasion 


The  most  pronounced  effect  of  abrasion  is  the  change  in  reflected  light. 
Random  abrasion,  such  as  t..^  scratches  and  gouges  in  Figure  20-2, 
may  be  considered  generally  distracting  to  flight  crews.  The  in- 
tensity of  scratches  in  transparent  materials  can  be  quantified  by 
comparison  to  specially  prepared  scratch  specimens.  ASTM-F428  Glass 
Scratch  Standards  are  available  for  this  purpose. 


Figure  20-2.  Random  Scratching  of  Transparent  Plastic. 

When  the  surface  damage  becomes  widespread,  consisting  of  many  closely 
spaced  fine  scratches,  pits  or  surface  indentations,  the  surface  will 
scatter  or  diffuse  transmitted  light,  which  can  then  be  quantified 
by  haze  measurement. 

Structural  integrity  and  impact  resistance  are  also  degraded  by  the 
presence  of  scratches.  However,  the  loss  in  strength  is  normally  com- 
pensated for  by  reducing  the  allowable  stresses  used  for  design. 
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20.2  Abrasion  Resistance 


Commonly  used  aircraft  glazing  materials  are  ranked  in  order  of  their 
abrasion  resistance?  and  surface  hardnesses  in  Table  20-1.  The  Mohs' 
hardness  values  are  based  on  the  ability  of  a material  to  scratch  or 
be  scratched  by  certain  standard  materials  listed  on  the  Mohs'  scale. 

For  example,  a relatively,  soft  mineral  such  as  pure  copper,  which  has 
a value  of  3.0  on  the  Mohs'  scale,  would  be  capable  of  scratchi ig 
acrylic,  whereas  hardened  steel  (Mohs‘>  6)  would  be  required  to  scratch 
glass. 

TABLE  20-1.  RANKING  OF  TRANSPARENT  MATERIALS  FOR  ABRASION  RESISTANCE 


Rank  Material  Mohs'  Scale  Hardness 


1 

Glass 

6 

2 

Polyester  (CR-39)* 

3.25 

3 

Acrylic 

2.25 

4 

Polycarbonate 

2.0 

* Trademark  - PPG  Industries  Data  from  Reference  1 


20.3  Abrasion  Protection 

The  low  abrasion  resistance  of  plastic  materials  can  be  improved  through 
the  use  of  protective  coverings.  The  most  effective  protection  is  ob- 
tained by  laminating  a glass  facing  over  the  plastic.  This  function 
requires  a minimum  of  0.085  inch  of  glass.  The  resulting  composite 
will  be  considerably  heavier  and  more  complex  than  equivalent  strength 
monolithic  plastic;  therefora,  this  type  of  construction  is  useful 
only  for  applications  that  would  require  laminated  construction  for 
other  reasons,  such  as  for  windshield  heating. 

Lightweight  abrasion  protection  is  possible  through  the  use  of  organic 
polymer  coatings.  These  hardcoats  are  proprietary  formulations,  and 
are  applied  by  suppliers  using  processes  such  as  flow  or  dip  coating. 
Typical  coating  thicknesses  range  from  0.002  to  0.004  inch,  and  their 
Mohs'  hardnesses  generally  do  not  exceed  3.5. 

Light  transmission  through  a coated  panel  is  slightly  improved  due  to 
the  favorable  refractive  indexes  of  typical  coatings  and  the  covering 
of  minute  scratches  in  the  substrate.  In  addition,  resistance  to 
chemical  cttack  is  usually  enhanced  by  these  hardcoats,  a trait  that 
is  particularly  important  for  polycarbonate  materials.  On  the  debit 
side:  hardcoats  are  not  field  repairable,  and  attempts  to  blend  or 
smooth  surface  scratches  will  result  in  more  pronounced  blemishes. 


20.4  Operational  Durability 


Th'e  hardness  of  a material  is  only  one  criterion  for  determining  its 
susceptibility  to  abrasion.  Wear  also  depends  on  the  following  char- 
acteristics: 

Ductility  and  elasticity  of  the  substrate  material 

Type  of  abrading  medium 

Frictional  forces  between  the  abrasive  and  the  transparency 

Thickness  of  coating 

The  effects  of  these  parameters  on  wear  characteristics  can  only  be 
obtained  by  testing.  In  order  to  be  meaningful,  data  for  ranking 
abrasion  resistance  of  transparent  materials  should  be  obtained  from 
tests  that  simulate  conditions  representative  of  the  actual  service 
environment.  For  helicopters,  this  includes  primarily  windshield  wiper 
action,  hand  wiping  by  crew,  and  sand  impingement.  Unfortunately, 
uniform  test  standards  t.o  simulate  these  do  not  exist,  and  test  methods 
vary  considerably  throughout  industry.  In  addition,  the  test  methods 
that  do  exist  yield  considerable  scatter  in  test  results,  partially 
due  to  test  procedures,  and  partially  due  to  the  nature  of  the  abrading 
phenomena.  For  these  reasons,  it  is  difficult  to  confidently  compare 
data  obtained  from  different  sources  or  to  use  such  data  for  projecting 
actual  service  lives. 

Windshield  wiper  test  data  is  presented  in  Figure  20-3  that  shows  the 
deterioration  of  optical  quality  uue  to  windshield  wiper  operation  on 
dirty  windshields.  This  test  method,  which  is  described  in  detail  in 
the  Qualification  Tests  section  of  this  handbook,  uses  an  abrasive 
slurry  to  simulate  the  effects  of  dirt.  However,  it  should  be  noted 
that  the  test  data  was  obtained  with  the  wipers  operated  at  100  cycles 
per  minute,  whereas  the  recommended  test  method  specifies  160  cycles 
per  minute.  Windshield  wiper  testing  is  recommended  for  evaluating 
durability  of  windshield  materials. 

The  dry  rubbing  abrasion  data  presented  in  Figure  20-4  is  representative 
of  the  type  of  damage  caused  by  wiping  transparencies  with  dirty  rags. 
This  test  method  is  also  described  in  detail  in  the  Qualification  Tests 
section  of  this  handbook,  and  is  recommended  for  use  as  a means  to 
compare  the  abrasion  resistance  of  different  materials. 

As  evidenced  by  this  test  data,  glass  material  is  shown  to  be  vastly 
superior  to  hardcoated  plastics,  and  is  virtually  unaffected  by 
windshield  wiper  or  other  cleaning  operations. 

Figure  20-5  shows  test  data  from  a falling  sand  test  that  w.~s  conducted 
in  accordance  with  ASTM-D-673- 70,  which  measures  the  effect  of  impinge- 
ment by  silicon  carbide  abrasive  particles.  Here,  after  prolonged  ex- 
posure, hardcoated  materials  show  performance  superior  to  glass,  thus 
in  Heating  that,  for  some  abrading  mediums,  a certain  amount  of  duct- 
ility is  desirable. 
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Figure  20-4.  Dry  Rubbing  Abrasion  Test  Results. 


Correlation  of  the  falling  sand  test  to  actual  service  experience  is 
difficult  because  this  wear  mode  is  rare  in  comparison  to  other  forms 
of  abrasion.  However,  some  estimation  of  the  severity  of  the  test  can 
be  obtained  by  calculating  the  flux  of  the  impinging  sand  particles  and 
comparing  it,to  Army  specifications  for  density  of  blowing  sand,  which 
is  0.1  gm/ft  . Using  this  approach,  1 gram  of  falling  sand  can  be 
roughly  equated  to  4 minutes'  exposure  to  blowing  sand  at  7.5  mph. 

To  further  put  this  data  into  perspective,  an  increase  in  haze  of  10% 
was  measured  for  the  stretched  acrylic  material  after  exposure  to 
50  gni  of  falling  sand,  which  might  be  likened  to  3 hours'  exposure 
to  dense  blowing  sand.  When  one  considers  that  a sand  storm  can  induce 
higher  impingement  velocities, not  to  mention  the  flight  speed  through 
the  storm,  the  hazard  can  be  fully  appreciated.  Note  that  the  kinetic 
energy  of  the  impinging  particles  is  proportional  to  the  square  of 
their  velocities.  It  is  felt  that  the  reason  impingement  abrasion 
damage  to  helicopter  transparencies  has  not  been  documented  as  a serious 
problem  is  that  there  has  been  only  minimal  exposure  to  conducive  en- 
vironments. In  addition,  the  ASTM  673-70  test  abrasive,  silicon  car- 
bide, is  harder  than  silicon  dioxide  common  sand,  which  tended  to  in- 
crease the  amount  of  haze  experienced  in  the  test. 

20.5  Abrasion  Resistant  Hardcoats 


The  application  of  hardcoats  to  acrylic  and  polycarbonate  can  signifi- 
cantly improve  their  tolerances  to  abrasion.  However,  the  variations 
in  effectiveness  are  considerable  between  different  formulations  and 
processes.  For  example,  the  data  in  Table  20-2  shows  this  relative 
performance,  as  measured  by  increase  in  haze  level,  of  13  coating/ 
substrate  combinations  after  2,000  cycles  of  windshield  wiper  abrasion 
testing.  It  should  be  noted  that  this  tabulation  is  by  no  means  com- 
plete and  is  presented  only  for  illustrative  purposes.  Coating  sup- 
pliers are  continuously  improving  and  modifying  formulations,  and  they 
should  be  consulted  during  material  evaluation  studies  to  obtain  current 
information. 
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TABLE  20-2.  HAZE  LEVEL  AFTER  2,000  CYCLES  OF  WINDSHIELD  WIPER 
ABRASION  FOR  VARIOUS  HARDCOATED  MATERIALS 


Haze 


Substrate 

Coating 

Supplier 

(%) 

MIL-P-5425  Cast  Acrylic 

Abcite 

Dupont 

6.9 

MIL-P-5425  Cast  Acrylic 

Armor  Clad 

Symbolic  Display 

9.7 

MIL-P-25690  Stretched 
Acrylic 

SS-6426ARC 

Swedl ow 

7.9 

Acrylic,  as  cast 

311 

Sierracin 

12 

Polycarbonate 

Abcite 

Dupont 

3.9 

Polycarbonate 

Abcite 

Goodyear 

5.9 

Polycarbonate 

#100-35 

Astro  Research 

28.0 

Polycarbonate 

ESB 

ESB  Corp. 

19.4 

Polycarbonate 

MR-4000 

General  Electric 

34.00 

Polycarbonate 

Mobay 

Mobay  Chemical 

24.2 

Polycarbonate 

SS-6432 

Swedl ow 

13.4 

Polycarbonate 

Texstar 

Sierracin 

8.1 

Data  from  Ref.  4 
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In  addition  to  abrasion  resistance,  hardcoats  must  also  be  capable  of 
resisting  the  same  aggressive  environments  to  which  the  helicopter 
is  exposed  without  suffering  deleterious  effects.  This  point  is 
extremely  important,  since  noncompliance  can  render  the  cure  worse 
than  the  disease. 


is 


To  illustrate,  Figure  20-6  shows  tne  effects  of  nine  months  of  exposure 
to  outdoor  weathering  on  10  different  materials  coated  Gn  polycarbonate 
substrates.  The  figure  shows  that  all  of  the  coatings  evaluated  suf- 
fered some  loss  of  adhesion.  In  addition,  other  properties,  such  as 
haze,  impact  resistance,  abrasion  resistance,  solvent  resistance  and 
visual  appearance,  showed  varying  levels  of  degradation.  Coated  acrylic 
has  somewhat  better  resistance  to  weathering  than  coated  polycarbonate. 

Temperature,  humidity,  and  ultraviolet  radiation  may  be  singled  out  as 
the  most  damaging  components  of  natural  weathering.  Temperature 
extremes  give  rise  to  large  thermal  strains  in  acrylic  and  polycarbonate, 
and  unless  the  coating  is  sufficiently  ductile  to  accommodate  such  strain, 
coating  failure,  such  as  cracking  and  loss  of  adhesion,  will  result. 
Ultraviolet  radiation  and  humidity  can  promote  photo-chemical  reactions 
affecting  physical  properties  as  well  as  adhesion.  In  this  regard, 
coatings  applied  to  the  interior  transparency  surfaces  benefit  from 
ultraviolet  filtering  through  the  substrate  and  suffer  less  degradation. 
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IMPACT  CHARACTERISTICS 


Impact  characteristics  of  transparent  materials  are  related  to  safety 
and  crashworthiness  because  breakage  due  tc  any  cause  poses  a hazard 
to  personnel. 

21.1  Material  Response  to  Low  Energy  Impacts 

Standard  test  data  from  small-scale  izod  tests  is  not  easily  related 
to  safety  criteria,  although  the  data  is  useful  for  comparison.  In- 
stead, studies  of  shatter  resistance  and  fracture  characteristics  use 
steel  balls  and  darts  dropped  from  a specified  height.  An  impact 
energy  of  20  foot-pourds  has  been  arbitrarily  chosen  as  being  represent- 
ative of  foreign  object  damage  (FOD)  hazards.  This  energy  level  is 
also  sufficient  to  enable  characterization  of  material  shattering 
effects. 

In  Reference  1,  a series  of  tests  are  described  wherein  a spherically 
tipped  steel  dart  was  used  t.o  evaluate  the  performance  of  common  trans- 
parent materials.  Test  panels  v'ere  2 foot  square,  and  subjected  to 
20  ft- 1 b impacts.  The  impact  cnaracteri sties  of  the  different  materi- 
als tested  are  described  below. 

Polycarbonate  and  .250  cast  acrylic  specimens  are  not  damaged  by  falling 
dart  impacts. 

Stretched  acrylic  panels  are  undamaged  at  room  and  high  ( 1 50°F)  temper- 
ature 'mpacts,  but  at  low  (~65°F)  temperature,  the  stretched  acrylic 
specimens  crack  as  shown  in  Figure  21-1.  The  transverse  crack  propa- 
gation in  this  material  follows  stress  planes  created  by  the  stretching 
process  This  results  in  fracture  edges  forming  oblique  planes. 

Figure  2 1-2  shows  further  detail  of  a fracture  surface  of  a stretched 
acrylic  sheet. 

Laminated  glass  panels  exhibit  large  numbers  of  long,  fine,  radial 
cracks  similar  to  those  seen  in  Figure  21-3.  The  panel  depicted  has 
.095  semi tempered  soda  lime  glass  facings  and  an  .075  PVB  interlayer. 

The  tendency  of  the  glass  to  shatter  would  be  unacceptable  were  it 
not  for  the  plastic  inter' ayer  that  retains  the  glass  fragments. 

Impacts  on  laminated  glass-acrylic  panels  also  produce  a large  number 
of  cracks.  As  with  laminated  glass,  the  interlayer  serves 
to  hold  the  fragments  of  the  facing  materials. 

.080  and  .125  cast  acrylic  panels  exhibit  the  lowest  impact  strength 
and  are  completely  penetrated  by  the  20  ft- lb  impact.  The  dart  gener- 
ally makes  a clean  entry,  leaving  radial  cracks  that  close  on  them- 
selves. Wedge-shaped  segments  break  loose,  as  shown  in  Figure  21-4. 
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Figure  21-1.  0.080-Inch  Stretched  Acrylic  After  Low  Temperature 

Dart  Impact. 


Figure  21  2.  Stretched  Acrylic  Fracture  Surface. 
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Figure  21-3.  Glass-Glass  Laminate  After  Room  Temperature 
Dart  Impact. 


Figure  21-4.  0.080-Inch  Cast  Acrylic  After  Room  Temperature 

Dart  Impact. 
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21.2  Temperature  and  Interlayer  Effects  on  Laminates 

The  data  in  Table  21-1  clearly  shows  the  temperature  dependence  of  the 
impact  strength  of  glass  laminated  with  PVB  interlayer.  Steel  balls 
v/ere  dropped  onto  laminated  glass  specimens  held  at  0°,  75°  and  120°F. 
The  critical  distance  recorded  was  that  height  of  drop  which  produced 
failure  of  50  percent  of  at  least  20  specimens.  Specimens  were  judged 
failures  when  a hole  or  continuous  tear  in  the  plastic  interlaver  ex- 
ceeded 1-1 /2  inches.  In  all  cases,  performance  was  best  at  75°  and 
worst  at  0°.  This  variation  of  impact  stre1  gth  with  temperature  es- 
tablishes the  need  to  perform  impact  tests  on  materials  at  the  temper- 
ature extremes  to  which  they  will  be  exposed. 


Two  more  trends  are  easily  seen  in  the  data  of  Table  21-1:  (1)  for 
similar  impact  conditions,  tempered  plate  glass  outperformed  plate 
glass,  and  (2)  impact  resistance  is  directly  related  to  interlayer 
thickness. 


21.3  Fail  Safety 


After  fracture,  a transparency  should  retain  enough  residual  strength 
to  support  the  operational  loads  placed  upon  it.  This  requirement 
must  be  substantiated  by  tests.  For  example,  a series  of  tests,  de- 
scribed below,  were  run  to  determine  the  residual  strengths  of  the  com- 
mon transparent  materials. 

A flat,  2-foot-square  specimen  of  each  material  was  penetrated  by  a 
.30-caliber  round.  The  entry  hole  was  sealed  by  a soft  rubber  gasket 
and  the  enclosed  volume  behind  tne  specimen  evacuated  to  simulate 
aerodynamic  unloading.  Laminated  glass  and  glass-acrylic  specimens 
with  .075  PVB  interlayers  were  subjected  to  a pressure  differential  of 
1 psi.  Monolithic  specimens  of  .080-in.  castacrylic,  stretched  acrylic 
and  polycarbonate  were  tested  at  .25  psi,  and  a .187-in.  cast-acrylic 
specimen  was  tested  at  .5  psi.  This  loading  was  maintained  for  1 
minute  in  order  to  determine  any  time-dependent  effects. 

All  of  the  materials  tested  had  enough  residual  strength  after  ballis- 
tic penetration  to  react  the  simulated  aerodynamic  loads. 

Another  study  has  pointed  out  the  importance  of  the  transparency  re- 
tention system  (Reference  3).  A loosely  clamped  system  can  allow  ex- 
cessive deflections  and  the  transparency  can  slip  out  of  its  retainer. 
All  structural  integrity  will  then  be  lost. 
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11.0 


TRANSPARENCY  SUPPORTS 


Structural  members  used  to  divide  transparent  enclosures  into  sections 
can  be  classified  as  primary,  secondary,  and  tertiary  structures.  The 
definitions  used  in  this  context  are  as  follows 

22. 1 Primary  Structures 

These  members,  in  addition  to  dividing  or  supporting  transparencies, 
also  contribute  to  the  overall  bending  strength  of  the  fuselage  by 
reacting  ground  and  flight  loads.  The  loads  in  these  elements  are 
based  in  great  part  on  conditions  unrelated  to  the  transparent  instal- 
lation, and  they  must  be  sized  accordingly. 

Ordinarily,  the  cross  section  of  a primary  structure  is  optimized  for 
weight.  This  procedure  must  be  modified  for  members  that  pass  through 
the  pilot's  primary  field  of  view.  In  such  cases,  the  most  compact 
design  is  desirable  and  a trade-off  between  weight  and  obstruction  to 
vision  is  in  order. 

22.2  Secondary  Structures 


Secondary  structures  in  the  cockpit  enclosure  do  .'tot  significantly 
contribute  to  overall  fuselage  strength  and  are  used  only  as  framing 
to  support  windshields,  windows,  hatches  and  doors. 

Airloads  generally  cause  these  members  to  be  loaded  in  bending,  which 
creates  the  need  for  beam-like  structures.  Simple  channel,  Z and  I 
sections  may  be  used  as  shown  in  Figure  22-1.  When  the  support  is 
curved  or  passes  through  regions  where  contour  changes  or  when  stabil- 
ity is  critical,  box  sections  may  be  required.  Box  sections  are  also 
used  to  provide  torsional  rigidity  and  stiffness  for  transverse  and 
inplane  loads  that  are  applied  to  close-out  members  adjacent  to  cut- 
outs. Figure  22-2  shows  typical  box  beams.  These  hollow  structural 
members  also  offer  possibilities  for  simplifying  hot  air  defog  systems 
by  taking  advantage  of  their  natural  shapes  to  form  integral  air  ducts 


Channel  Section 


Figure  22-1.  Typical  Framing  Members. 
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Figure  22-2.  Typical  Box  Members. 


Design  of  transparency  support  members  is  a compromise  between  the 
conflicting  demands  of  size,  stiffness  and  weight.  It  is  desirable 
that  members  be  made  as  small  as  possible  to  minimize  ob- 
struction of  vision.  Stiffness  is  required  to  prevent  excessive 
secondary  stresses  in  transparencies  due  to  support  deflections.  These 
deflections  will  be  the  result  of  both  directly  applied  loading  (i.e. , 
pressure  loads)  and  loads  induced  by  airframe  flexure.  In  Reference  1 
it  was  shown  that  stresses  induced  in  a utility  helicopter  windshield 
as  a result  of  airframe  wracking  during  high-g  maneuvers  could  be 
equal  in  magnitude  to  the  maximum  3 tr « sses  from  pressure  loading  alone. 
Similar  high  local  stress  producing  co'ditions  occur  at  locations 
adjacent  to  door  hinges  and  stops  when  he  structure  is  too  flexible 
to  withstand  door  slam  loads. 

In  some  cases  it  is  not  practical  for  a support  member  to  provide  com- 
plete restraint  for  all  transparencies.  For  example,  in  figure  22-3 
pressure  loads  applied  to  the  upper  eyebrow  window  create  bending  and 
torsion  in  the  upper  sill  between  points  A and  8.  If  the  upper  sill 
were  expected  to  support  the  load  by  itself,  an  inordinately  heavy 
member  might  be  required.  However,  the  front  windsnield  can  be  mad° 
to  share  the  load  by  virtue  of  its  inherent  in-plane  stiffness,  and 
the  strength  requirements  of  the  sill  can  be  reduced  substantially. 

This  design  technique  can  frequently  be  used  to  advantage,  but  caution 
is  necessary  to  avoid  designs  where  the  failure  of  one  member  could 
result  in  the  loss  of  the  complete  cockpit  enclosure.  Damage  tolerance 
is  mandatory  for  this  type  of  construction,  along  with  fail-safe  sub- 
stantiating analyi  'j. 
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Figure  22-3.  Windshield  In-Plane  Stiffness  Supports  Roof  Window. 

22. 3 Tertiary  Structures 

This  class  of  structures  includes  stiffening  members  used  only  to  limit 
deflections  or  to  support  miscellaneous  items  or  equipment.  Structural 
requirements  for  reinforcing  members  are  not  as  stringent  as  for  primary 
or  secondary  structures.  As  a result,  configurations  and  materials  that 
are  normally  considered  nonstructural  may  be  satisfactory  for  these 
functions. 

Stiffeners  fabricated  from  transparent  materials  are  good  examples  of 
how  the  physical  presence  of  stiffening  members  can  be  diminished,  al- 
though it  should  be  noted  that  such  parts  rarely  possess  good  optical 
clarity  and  are  usually  considered  to  be  translucent.  Another  advantage 
of  this  design  approach  is  the  minimization  of  the  thermal  mismatch 
and  joining  problems.  Figures  22-4  and  22-5  show  examples  of  simple 
rib  designs  fabricated  from  transparent  materials. 
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23.0 


EDGE  ATTACHMENTS 


Edge  reinforcements  are  required  when  mechanical  fasteners  are  used 
to  install  certain  transparency  materials.  The  necessity  for  an  edge 
reinforcement,  as  well  as  the  type  of  reinforcement  required,  is  a 
function  of  the  substrate  material. 

23.1  Monolithic  Panels 


Edge  reinforcements  are  not  normally  required  for  monolithic  poly- 
carbonate or  stretched  acrylic  materials.  Fasteners  may  be  installed 
through  holes  drilled  along  the  edge  of  the  panels  providing  there  is 
adequate  edge  distance,  usually  2.5  to  3.0  times  the  diameter  of  the 
hole.  For  stretched  acrylic,  it  has  been  shown  that  edge  reinforcement 
can  actually  have  a deleterious  effect  on  strength.  This  occurs 
because  the  edge  reinforcement  creates  stress  raisers  along  the  boun- 
dary of  the  reinforcement.  In  addition,  it  has  been  found  that, 
curing  storage,  cracks  along  the  edges,  parallel  to  the  surface,  can 
appear  in  stretched  acrylic  when  the  plastic  contains  over  1.6% 
moisture  and  is  subsequently  exposed  to  low  humidity.  An  edge  attach- 
ment with  a coefficient  of  thermal  expansion  different  from  the  parent 
material  will  cause  the  cracks  to  propagate  as  shown  in  Figure  23-1. 


Figure  23-1.  Laminar  Splitting  of  Stretched  Acrylic. 

Holes  are  not  normally  drilled  through  cast  acrylic  because  of  the 
material's  low  notch  sensitivity.  When  direct  mechanical  fasteners 
are  to  be  used,  a suitable  edge  reinforcement  is  necessary.  Rein- 
forced plastic  impregnates  are  often  used  for  this  purpose.  Impreg- 
nated edge  attachments  can  be  cured  in  place  when  the  resin  gure 
temperature  is  below  the  softening  point  of  the  acrylic  (200°F).  How- 
ever, this  can  be  a messy  operation,  and  post-bonded  prefabricated 
strips  may  be  a preferable  method  of  assembly. 


Figure  23-2  shows  four  different  types  of  edge  reinforcements  that 
are  suitable  for  use  on  cast-acrylic  helicopter  transparencies.  Ex- 
tended edge  reinforcements  are  preferable  to  bolt- through  designs 
since  the  holes  do  not  go  through  the  acrylic.  The  bottom  design 
features  flexible,  laminated  straps  bonded  to  the  acrylic  that  offer 
an  advantage  in  that  contour  mismatches  between  the  transparency  and 
the  airframe  can  be  readily  accommodated. 
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Figure  23-2.  Cast  Acrylic  Edge  Reinforcements. 
23.2  Laminated  Panels 


There  is  a wide  variety  of  edge  treatments  available  for  laminated 
transparencies;  the  choice  of  a specific  configuration  is  based  on 
the  material  and  other  design  considerations.  Figure  23-3  shows  the 
range  of  design  possibilities. 

Type  A,  B,  and  C configurations  have  attachment  holes  drilled  directly 
through  the  base  ply,  which  therefore  restricts  their  usage  to  poly- 
carbonate or  stretched  acrylic.  The  increased  thickness  provided  by 
the  reinforcement  in  type  A provides  greater  fastener  bearing  area  and 
also  helps  to  stiffen  the  edge  between  fasteners,  necessary  for  trans- 
mitting clamping  pressure  to  sealing  gaskets.  A disadvantage  of  the 
Type  A design  is  the  possibility  that  moisture  will  penetrate  through 
the  sealant  area  due  to  rotation  of  the  edge  attachment  during  struc- 
tural loading.  Also,  a thermal  expansion  differential  between  dis- 
similar base  and  face  plies  can  cause  a crevice  to  open  in  the  sealant, 

rendering  it  ineffective.  Type  B and  C designs  overcome  the  seal  de- 

ficiency by  overlapping  the  face  ply.  The  overlapping  joint  can  be 
strictly  for  sealing  or,  depending  on  materials  and  adhesives  employed, 
can  be  structural. 

Type  D and  E configurations  are  frequently  employed  with  glass  lami- 
nates. The  straps  used  in  configuration  E provide  retention  by  virtue 
of  the  mechanical  overlap  when  stiff  straps  are  used,  or  by  an  ad- 
hesive joint  when  flexible  straps  are  used.  The  single  strap  design 

in  Type  D is  commonly  used  with  glass  laminates  using  polyvinyl 

butyral  interlayers. 


Polycarbonate  or  Stretched 
Acrylic  Base  Ply  


Straps  may  be  metal  or  fiberglass  and  are  usually  .020  to  .040  inch 
thick.  The  strap  offers  flexibility  for  edge  rotation  and  is  very 
effective  in  providing  fail-safety  capability  by  virtue  of  its  direct 
shear  connection  to  the  interlayer  (the  fail-safe  medium). 

The  edging  of  Type  F is  intended  to  provide  a flexible  joint  tnat  can 
be  used  to  compensate  for  contour  mismatches.  Flexible  reinforced 
fabrics  are  most  effective  for  this  purpose. 

Type  G edging  is  intended  for  designs  that  are  clamped  in  place  rather 
than  Doited  in  place  and  functions  primarily  as  a barrier  to  prevent 
moisture  penetration  into  the  interlayers.  This  design  is  most  ap- 
propriate for  thick,  laminated,  transparent-armor  panels. 

Type  H is  an  extended  interlayer  design  in  which  the  only  structural 
tie  to  the  airframe  is  through  the  inter iayer.  Its  main  advantage 
is  its  flexibility.  In  order  to  meet  strength  requirements,  however, 
this  design  is  only  suitable  for  windshields  incorporating  thick  inter- 
layers. 

Type  I uses  a stiff  inner  ply  intended  for  flush  clamp  retention  to 
the  airframe. 

Additional  variations  are,  of  course,  possible  by  combining  the  features 
of  one  design  with  those  of  another  or  by  developing  entirely  new  designs. 

23.3  Flushness 


There  are  several  factors  that  influence  the  choice  of  whether  or  not 
to  use  flush  reinforcements.  Table  23-1  lists  advantages  for  both 
configurations. 

TABLE  23-1.  FACTORS  AFFECTING  FLUSHNESS  OF  EDGE  REINFORCEMENTS 
FOR  LAMINATED  WINDSHIELDS 

Advantages  of  Flush  Advantages  of  Protruding 

Reinforcement  Reinforcement 


1.  Aerodynamic  cleanliness  1.  More  positive  edge  sealing 

2.  Level  surface  facilitates  2.  Direct  load  path  to  outer  ply 

the  scraping  of  accumulated 

snow  and  ice 

3.  Smooth  surface  to  park  windshield 
wipers 


23,4  Slip  Planes 


Slip  planes  are  sometimes  used  along  the  edges  of  laminated  assemblies 
to  reduce  or  prevent  bonding  of  the  interlayers  to  the  face  plies. 

This  practice  is  necessary  for  certain  geometric  configurations  using 
glass  and  polyvinyl  butyral  (PVB)  because,  at  low  temperatures,  large 
differences  in  thermal  contraction  rates  between  the  PV3  and  glass 
create  high  stresses.  These  stresses  can  be  so  high  along  the  edges, 
where  the  PVB  clings  tenaciously  to  the  glass,  that  chips  are  pulled 
from  the  glass.  To  prevent  glass  edge  chipping,  a parting  medium  or 
slip  plane  is  added  between  the  interlayer  and  the  glass  to  move  the 
peak  stresses  inboard,  away  from  the  edge,  where  a smoother  surface 
free  of  stress  concentrations  exists  (see  Figure  23-4). 


\ Glass 


PVB 


Glass 


High  Local  Stresses  at 
Edge  of  Glass 


Contraction  of  F'/B 


Glass 


PVB 


Glass 


r 


Slip  Plane 


Contraction  of  PVB 


Figure  23-4.  Function  of  Slip  Planes. 


23.5  Joint  Stiffness 

A major  consideration  in  the  design  of  edge  reinforcements  is  joint 
stiffness.  A certain  amount  of  flexibility  is  desirable  to  accommo- 
date manufacturing  tolerances  without  developing  stresses  in  the 
transparency  and  to  provide  structural  isolation  from  airframe  loads. 
Tailored  joint  stiffness  is  achieved  by  controlling  either  geometry 
or  material  properties,  or  both. 

Figure  23-5  illustrates  the  effects  of  different  geometries  on  edge 
rotational  stiffness.  Configuration  A is  naturally  stiff  by  virtue 
of  its  thickness  and  couple  distance  between  the  straps.  Configuration 
B is  naturally  flexible  by  virtue  of  its  limber  shape.  Configuration 
C utilizes  a sealant  or  adhesive  to  allow  rotation  of  the  transparency 
within  the  edge  attachment. 
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Figure  23-5.  Edge  Rotational  Stiffness. 

Certain  combinations  of  geometry  and  materials  used  in  ex+..r  :-base- 
ply  designs  can  allow  delamination-promoting  peel  stress  i *:velop 
as  a result  of  edge  rotation,  as  shown  in  Figure  23-6.  n.i  . rc  is  dif 
ficult  to  analytically  predict  these  cleavage  stresses,  a measure  of 
interlayer  cleavage  strength  can  be  gained  through  the  use  of  data  in 
Table  23-2.  Laminates  were  tested  as  shown  in  Figure  23-7.  A load 
was  then  applied  to  the  extended  base  ply  until  delamination  occurred. 
The  resulting  test  data  should  be  considered  conservative  and  represent 
at.ive  of  an  extreme  since  the  outer  ply  was  completely  restrained  from 
flexing,  which  would  normally  relieve  some  of  the  interlayer  stress. 


•Stiff  Outer  Ply 


— Flexil 


High  Peel  Stresses  in 
Ir  • erlayt-r 


-Flexible  Inner  Ply 
Figure  23-6.  Peel  Stresses  Due  to  Edge  Rotation 


Figure  23-7.  Cleavage  Test  Setup. 
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23.6  Adhesives 


Adhesives  for  bonding  edge  reinforcements  can  be  either  rigid  epoxies 
or  flexible  elastomeric  compounds.  The  high-strenqth  adhesive?  can 
develop  shear  strengths  in  the  order  of  1000  psi,  and  while  flexible 
elastomeric  adhesives  are  much  lower  in  strength,  they  do  off'. r bene- 
fits, srch  as  high  elongations  to  failure. 

The  wide  range  of  potential  adherent  combinations  and  design  conditions 
makes  it  impractial  to  recommend  specific  adhesive  materials. 

An  adhesive  would  therefore  be  selected  after  careful  evalu- 
ation of  the  following  physical  properties: 

Chemical  compatibility  with  adherents 

Shear  strength 

Peel  strength 

Temperature  sensitivity 

Environmental  resistance 

Ultimate  elongation 

Cure  cycle 

Working  characteristics 
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Typically,  the  space  available  for  overlapping  adherents  in  bond 
join.*  must  be  kept  small  to  minimize  intrusion  into  the  visual  field. 
Because  of  the  small  overlap  dimension,  stress  concentrations  have 
a pronounced  effect  on  joint  strength.  Figure  23-8  shows  how  strain 
in  a scarfed  joint  between  two  parts  of  identical  stiffness  causes 
the  stress  to  peak  at  either  end  of  the  joint.  For  the  more  common 
nonsymmetrical  joints,  eccentricities  between  layers  will  introduce 
additional  stress  concentrations.  Further,  increasing  the  width 
of  the  joint  beyond  a certain  point  does  little  to  increase  overall 
strength,  since  most  of  the  load  is  still  transferred  at  the  edges, 
and  the  central  region  ol  the  joint  remains  virtually  unstressed. 

Thus,  accurate  analytical  predictions  of  joint  stresses  are  difficult 
to  obtain  at  best,  and  adhesive  joint  strengths  should  be  verified 
by  specimen  tests  whenever  possible. 
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Stress 

Shear  Stress  Distribution 


Initially  Equally  Spaced  Lines 
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Figure  23-8.  Stress  Distribution  in  a Scarfed  Adhesive  Joint. 
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23.7  Reinforcement  Materials 

Edge  reinforcement  materials  should  have  strength  properties  as  good 
or  better  than  those  of  the  materials  they  are  expected  to  reinforce. 
This  requirement  should  not  present  any  problem  because  most  transparent 
materials  have  low  strengths  in  comparison  to  common  structural  metal, 
plastic,  and  reinforced-fabric  materials.  Reinforced  fabrics  suitable 
for  edge  attachments  include  fiberglass  (glass),  nylon  (a  polyamide), 
orlon  (acrylic)  and  dacron  (polyester)  impregnateu  with  acrylic,  poly- 
ester or  epoxy  rpsins.  Stainless-steel  wire  mesh  impregnated  with 
resin  offers  an  additional  possibility.  Extruded  Acrylonitrile 
Butadiene  Styrene  (ABS)  has  also  been  used  to  advantage  because  of  in- 
herent low-cost  production  characteristics. 

The  materials  selected  for  edge  attachments  shoula  have  thermal  expan- 
sion rates  compatible  with  the  transparent  material  and  low  modulus 
of  elasticity  to  minimize  thermal  stresses  resulting  from  different 
thermal  expansion  coefficients.  Table  23-3  lists  the  coefficients 
of  thermal  expansion  at  room  temperature  for  common  transparent  mater- 
ials and  potential  reinforcing  materials. 

For  electrically  heated  windshields,  edge  attachment  materials  having 
low  thermal  conductivity  a^e  desirable.  Edge  attachments  possessing 
good  insulating  qualities  will  reduce  the  flow  of  heat  to  the  unheated 
airframe,  thereby  minimizing  cold-edge  effects.  Cold  edges  create  un- 
desirable stresses  in  the  interlayer.  Such  stresses  are  discussed  in 
section  27,  Interlayer  Design  Considerations. 

23.8  Installation/Removal 


Attachment  designs  can  be  ranked  according  to  how  easy  it  is  to  in- 
stall or  remove  their  transparencies.  The  following  methods  are 
listed  according  to  difficulty,  with  those  designs  requiring  the 
least  amount  of  time  for  installation  and  removal  appearing  first: 

1.  Quick-release  fasteners 

2.  Rubber  molding 

3 Threaded  fasteners 

4.  Rivets 

5.  Adhesives 

23,8.1  Quick-Release  Fasteners 

Quick-release  fasteners  such  as  quarter  turn  are  useful  for  instal- 
lations requiring  rap'd  and  frequent  assembly  and  disassembly.  In- 
ternal cockpit  transparent  armor  that  must  be  removed  for  cleaning  or 
to  facilitate  maintenance  is  a typical  example.  The  installation  or 
removal  with  this  type  of  fastener  can  usually  be  accomplished  in 
seconds.  However,  there  are  disadvantages  thal  prohibit  more  wide- 
spread application:  the  unit  costs  and  weights  for  the  quick-opera- 
t.ion  fasteners  are  higher  than  those  for  comparable  screws  and  nuts. 

Also,  larger  mounting  holes  are  typically  required,  and  this  necessitates 
wider  edae  attachments  and  larger  brackets. 
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TABLE  23-3.  COEFFICIENTS  OF  THERMAL  EXPANSION  OF  TRANSPARENT 

AND  EDGE-ATTACHMENT  MATERIALS  AT  ROOM  TEMPERATURE 


Coefficient  of  Thermal 
Expansion,; 

Material  (per  °F  x 10  J) 


MIL- P-5425  Acrylic 

4.1 

MIL-P-8184  Acrylic 

4.1 

MIL- P-25690  Stretched  Acrylic 

3.5 

MIL-P-83310  Polycarbonate 

3.47 

MIL- P-8257  Polyester 

5.5  - 7.0 

MIL-G-25667  Soda  Lime  Glass 

0.47 

MIL-G-25667  Chemically  Strengthened  Glass 

0.48 

2024  Aluminum 

1.25 

4130  Steel 

0.63 

301  Stainless  Steel 

0.89 

6A1-4V  Titanium 

0.46 

Nylon  Acrylic 

3.5 

Orion  Acrylic 

2.2 

Dacron  Acrylic 

2.1 

Epoxy  Fiberglass  (MIL-R-9300) 

0.55  - 0.67 

Polyester  Fiberglass  (MIL-R-7575) 

0.78  - 0.85 

Silicone  Fiberglass  (MIL-R-255G6 

0.4  - 0.5 

Phenolic  Fiberglass  (MIL-R-9299) 

0.6  - 0.64 

Data  from  Ref.  1,2, 3, 4 
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23.8.2 


Rubber  Extrusions 


Two-piece  rubber  extrusions  can  be  used  for  permanent  and  semiperma- 
nent glazing  installations.  The  basic  rubber  -xtrusion,  in  its  free 
state,  is  shown  in  Figure  23-9  along  with  a mating  rubber  key  extrusion. 
When  the  key  is  inserted  into  the  basic  section,  it  forces  the  basic 
extrusion  to  close  and  grip  both  the  airframe  and  the  transparency,  as 
illustrated  in  Figure  23-9.  A special  hook-shaped  tool  facilitates 
installation  of  the  key. 


Airframe 


Transparency 


ft 

I; 

I 

I 


Figure  23-9.  Transparency  Retention  via  Rubber  Extrusions. 

Depending  on  the  geometry  and  hardness  characteristics  cf  the  rubber, 
retention  forces  can  be  tailored  to  meet  a wide  range  of  installation 
requirements.  Precise  control  of  cavity  and  glazing  trim  dimensions, 
as  well  as  thickness,  is  required  because  of  an  extremely  sensitive 
relationship  between  fit  and  retention  force.  Temperature  extremes 
must  De  considered  as  they  have  a pronounced  effect  on  rubber  hard- 
ness, thus  influencing  retention  forces.  Differences  in  the  expansion 
and  contraction  characteristics  of  the  airframe  and  the  glazing  mater- 
ials, due  to  temperature  and  humidity  changes,  are  also  extremely 
important.  For  large  panels,  these  dimensional  changes  can  be  in  the 
order  of  1/8  inch  or  more.  Lastly,  fuselage  wracking  can  alter 
cavity  shapes  during  flight,  which  could  adversely  affect  transparency 
retention. 
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A major  drawback  of  this  design  is  the  lack  of  positive  mechanical 
retention.  This  deficiency  can  be  reduced  by  stringent  quality  control 
requirements,  such  as  proof  load  testing. 

23.8.3  Threaded  Fasteners 

Threaded  fasteners  (screws  and  nuts)  are  the  most  common  method  used 
to  install  glazings.  A wide  variety  of  hardware  and  materials  are 
available  for  this  purpose.  Cross-head  screws  are  preferred  over  slot 
head  screws  because  they  reduce  the  possibility  of  the  screwdriver 
slipping  from  the  screw  head  and  damaging  the  transparency.  The 
choice  of  plain  nuts,  captive  nuts,  or  threaded  inserts  is  based  on 
the  types  of  backup  structures  employed  and  the  accessibility  of  the 
fasteners.  Blind  installations,  where  the  nuts  are  inaccessible, 
are  undesirable  because  of  the  difficulty  in  replacing  fasteners  dam- 
aged during  maintenance. 

The  time  required  to  install  or  remove  threaded  fasteners  is  moderate, 
with  an  average  time  of  two  minutes  per  fastener  being  typical.  Total- 
time for  installation,  excluding  fitting  ana  sealing,  is  thus 
dependent  upon  the  total  number  of  fasteners.  This  in  turn  is  based 
on  the  maximum  permissible  fastener  pitch,  which  is  a function  of 
the  structural  loading  and  the  clamping  requirements  for  sealing.  For 
most  general  applications  on  helicopters,  spacing  between  fasteners 
will  rarely  exceed  3 to  4 inches. 

The  torquing  sequence,  js  well  as  the  magnitude  of  torque  applied  to 
screws,  is  extremely  important.  Excessive  fastener  torque  can  create 
very  high  local  stresses  in  the  transparency.  A good  practice  is  to 
use  at  least  two  steps  in  tightening  fasteners:  (1)  partially  tighten 
the  screws  to  just  bring  the  transparency  into  uniform  contact  with 
its  mating  surface  or  gasket,  and  (2)  tighten  the  screws  to  their  pre- 
scribed torques.  Additional  incremental  steps  may  be  required,  de- 
pending on  fit,  gasketing,  or  other  peculiarities  of  individual  designs. 
Figure  23-10  illustrates  a sequence  for  tightening  individual  fasteners 
for  installations  having  mismatches  of  contour  between  the  transparency 
and  the  airframe.  The  gap  is  closed  gradually,  and  the  buildup  of 
local  stress  at  the  fasteners  is  minimized.  Also,  care  must  be 
taken  to  avoid  excessive  fastener  torque.  A compressible  gasket  will 
allow  the  transparency  to  bend  in  the  vicinity  of  a fastener.  If  the 
fastener  is  too  tight,  the  transparency  will  fracture. 
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Figure  23-10.  Torquing  Sequence  for  Closing  Gap  Between  Transparency 
and  Support. 

23.8.4  Rivets 

Riveted  assemblies  are  considered  permanent  installations.  Disassembly 
entails  drilling  out  the  rivets,  a time-consuming  operation  requiring 
a great  deal  of  skill.  Therefore,  rivets  are  unsuitable  for  instal- 
ling transparencies  that  may  require  field  replacement. 

Rivets  may  be  attractive  for  the  installation  of  transparencies  in 
expendable  assemblies,  and  offer  weight  and  sometimes  cost  savings 
during  manufacture. 

Rivets  can  be  installed  directly  through  stretched  acrylic  and  poly- 
carbonate, although  backing  strips  or  washers,  as  shown  in  Figure  23-11, 
are  desirable.  All  other  transparent  materials  require  edge  rein- 
forcements to  prevent  cracking.  The  rivets  should  be  soft  aluminum  or 
have  hollow  points  to  minimize  local  stresses  in  the  plastic  caused 
by  the  expansion  of  the  rivet  shank  during  installation. 
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Figure  23-11.  Riveted  Installation. 

23.8.5  Bonding 

Adhesively  bonded  transparent  installations  are  considered  permanent. 
Disassembly  is  difficult  and  often  results  in  damage  to  the  window 
retainers.  Accordingly,  this  type  of  construction  is  only  useful 
for  expendable  assemblies.  In  such  cases,  savings  in  both  weight 
and  cost  are  possible  because  the  adhesive  replaces  fasteners, 
sealants  and  gaskets. 

23.9  Hole  Size 


Whenever  possible,  oversize  fastener  holes  should  be  used  in  trans- 
parency installations.  This  will: 

1.  Provide  isolation  from  in-plane  airframe  structural  loads. 

2.  Permit  unrestrained  thermal  expansion/coniraction  between 
transparency  and  airframe. 

3.  Accommodate  manufacturing  tolerances  in  hole  locations. 

In  order  to  prevent  frictional  forces  from  negating  the  float  provided 
by  the  oversize  holes,  it  is  necessary  to  control  fastener  clamping 
forces.  This  may  be  accomplished  by  prescribing  fastener  torque  limits 
or  by  controlling  clamping  dimensions  with  spacers,  as  shown  in  Figure 
23-12.  The  possibility  for  damaging  transparencies  by  overtorquing 
fasteners  is  also  virtually  eliminated  when  spacers  are  used. 
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Figure  23-12.  Spacer  Used  to  Control  Clamping  Dimensions. 

Two  methods  for  incorporating  oversize  holes  in  installations  with 
flush  fasteners  are  illustrated  in  Figure  23-13.  On  the  left  side 
of  the  figure,  all  of  the  required  radial  float  is  accommodated  by 
oversize  holes  in  the  structure.  On  the  right  side  of  the  illus- 
tration, the  same  radial  float  is  accommodated  by  smaller  oversize 
holes  in  both  the  structure  and  the  transparency.  Dimpled  washers 
support  the  screw  heads  above  the  enlarged  countersunk  holes. 


-Flush  Head 
Screw 


'Flush  Head 
Screw 
^—Dimpled 
Washer 


' Oversize  Hole  In 
Structure  Only 


-Oversized  Holes  In 
Transparency  & Structure 


Figure  23-13.  Oversized  Hole  Installations  for  Flush  Fasteners. 


It  is  important  to  note  that  there  are  certain  design  conditions  for 
which  oversize  mounting  holes  should  not  be  used.  For  example,  panels 
that  support  transverse  pressure  loads  by  in-plane  membrane  action 
require  relatively  tight-fitting  holes  to  react  edge  tension  loads. 
Also,  oversize  holes  cannot  be  used  in  shell-like  enclosures  where 
the  structural  continuity  between  adjacent  transparent  panels  com- 
prising the  shell  is  important. 

Even  with  tight-fitting  holes,  most  edge  attachment  designs  have  a 
certain  amount  of  inherent  flexibility  that  will  isolate  the  trans- 
parency from  small  airframe  strains.  To  demonstrate  structural  iso- 
lation characteristics,  tests  were  performed  on  several  edge  attach- 
ment designs  (see  Figure  23-14).  These  tests  demonstrated  that  even 
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with  relatively  stiff  glass  laminates,  less  than  6%  of  the  post  member 
strain  was  transmitted  to  the  glass.  It  is  assumed  that  most  of  the 
strain  is  absorbed  by  the  gasketing,  fasteners,  and  the  edge  reinfor- 
cement, and  does  not  reach  the  transparency  itself. 
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Figure  23-14.  Strain  Compatibility  Test. 

23.10  Clamped- Edge  Retainers 

Clamps  provide  an  alternate  method  for  tstalling  transparencies  where- 
in the  glazing  is  held  in  place  between  fixed  retainers  and  removable 
clamps.  Figures  23-15  and  23-16  illustrate  clamp-retainer  designs 
for  single-  and  multiple-g1azed  installations.  For  the  double-glazed 
installation  there  is  a potential  saving  in  the  number  of  fasteners 
required,  since  a single  row  of  fasteners  suffices  for  both  glazings. 

The  clamp  itself  is  an  additional  component  but  can  sometimes  be 
traded  off  for  a simplified  edge  reinforcement  resulting  from  the 
elimination  of  holes  through  the  transparency.  Interchangeability 
is  enhanced  because  all  mounting  holes  are  in  the  airframe  and  the 
clamps,  and  do  not  change  when  the  glazing  is  replaced.  This  eliminates 
drilling  or  the  need  to  match  the  holes  in  the  airframe  with  those  in 
the  transparency.  Also,  stress  concentrations  in  the  transparency 
due  to  fasteners  are  elminated,  and  edge  support  is  more  uniform. 
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Clamp  retainers  do  not  provide  positive  mechanical  retention,  particu- 
larly in  the  plane  of  the  transparency  itself.  When  in-plana  edge 
loads  are  significant,  as  would  be  the  case  for  membranes,  heavy-edge 
retainers  and  backups  are  required  to  provide  sufficient  clamping 
force  to  prevent  the  transparency  from  pulling  out.  The  exception 
is  the  lipped  design  shown  in  Figure  23-17. 


Figure  23-15.  Single  Glazing  Clamp  Retention. 


Figure  23-16.  Double  Glazing  Clamp  Retention. 
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Figure  23-17.  Lipped  Window  Retainer. 


23.11  Sealing 

There  are  two  basic  sealing  methods  employed  to  make  transparent 
installations  weathertight:  dry  seals  and  wet  seals. 

Dry  seals  are  typified  by  sponge  rubber  gaskets  that  are  clamped 
between  the  transparency  and  the  airframe.  The  thickness  and  the 
hardness  of  the  rubber  are  determined  by  considering  the  amount 
of  clamping  force  available  from  the  edge  attachment.  Thick  soft 
gaskets  are  required  for  flexible  edging,  while  thin  firm  gaskets  can 
be  used  with  stiff  edgings.  Gaskets  fabricated  as  solid-rubber  moldings 
are  generally  unsuited  for  helicopter  glazing  installations,  because 
such  installations  lacx  the  joint  stiffness  necessary  for  adequate  seal 
compression. 

Other  forms  of  dry  seals  applicable  to  helicopter  transparent  enclosures 
are  hollow-bulb  seals  and  resilient  pile  liners,  shown  in  Figure  23-18. 
These  seals  require  a great  deal  more  space  than  do  flat  compression 
seals  and  are  therefore  more  appropriate  for  movable  installations 
such  as  hatches  and  doors.  The  hollow-bulb  seals  are  effective  over 
a large  range  of  gaps  and  tolerances.  The  pile  liner  reduces  friction 
in  sliding  applications.  However,  pile  liners  are  not  totally  ef- 
fective in  driving  rain,  and  such  designs  require  supplemental  de- 
flection shields  or  drain  holes. 
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Figure  23-18.  Hollow-Bulb  Seal  and  Pile  Liner. 

Wet  sealants  include  curing  and  noncuring  compounds  that  are  applied 
to  the  joint  in  a viscous  or  compliant  state.  Typically,  a bed  of 
sealant  is  applied  to  the  airframe  retainers  so  that  any  local  surface 
depressions  or  imperfections  will  be  filled  in  or  covered.  The 
transparency  is  then  pressed  into  the  soft  sealant  to  achieve  intimate 
contact  along  the  entire  joint.  Jn  some  applications,  sealants  or 
similar  filler  materials  are  also  used  to  fill  gaps  resulting  from 
mismatches  in  contour  between  a transparency  and  an  airframe. 

Wet  sealants  are  available  in  a tape  or  bead  form,  and  also  as  a 
viscous  liquid  suitable  for  application  with  a caulking  gun,  spatula, 
or  similar  tool.  Curable  compounds,  such  as  MIL-S-8802,  high  temper- 
ature, high  adhesive  sealant,  cure  in  the  same  -anner  as  adhesives  and 
will  actually  bond  the  transparency  tc  its  supports,  making  replacement 
of  the  transparency  difficult.  Also,  adhesive  sealants  can  bond  as- 
sembly fasteners  in  place,  which  further  hampers  removal. 

Qualification  of  sealants  should  always  include  tests  for  chemical 
compatibility  with  applicable  substrate  materials  to  avoid  the  pos- 
sibility of  crazing  damage  to  the  transparency.  In  addition,  sealants 
should  be  capable  of  withstanding  exposure  to  high  temperatures  without 
excessive  softening  or  flowing,  or  exposure  to  cold  temperatures  with- 
out becoming  embrittled. 
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24.0 


INTERCHANGEABILITY 


For  components  that  are  expected  to  require  frequent  replacement 
during  their  service  lives  (components  that  have  mean  times  between 
overhauls  that  are  less  than  airframe  overhaul  intervals),  iter- 
changeability  is  a desirable  requirement.  Noninterchangf  .e  wind- 
shield installations  that  require  drilling  and  trimming  tor  instal- 
lation are  time  consuming  to  replace»typically  requiring  8 to  15 
man-hours. 


The  fit  requirements  that  govern  interchangeability  for  transparencies 
are:  hole  location,  part  tn'm,  and  contour,  which  are  functions  of 
both  design  and  tooling.  By  design,  tight  tolerances  for  part  trims 
can  be  minimized  by  providing  liberal  clearances.  Similarly,  tol- 
erances for  hole  locations  can  be  relaxed  by  using  oversize  holes  or 
eliminated  entirely  by  using  clamp  edge  retainers.  However,  when 
other  design  considerations  prohibit  large  tolerances,  precision 
tooling  must  be  employed  to  control  interface  dimensions  on  both  the 
airframe  and  the  transparency.  Master  mockups  like  the  one  shown 
in  Figure  24-1  are  recommended  in  such  cases  to  locate  critical  di- 
mensions. From  these  fixtures,  the  necessary  tooling  required  to 
fabricate  the  parts  is  made  and  coordinated. 


Figure  24-1.  Master  Mockup  for  Contoured  Transparency. 
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24. 1 Thermal  Expansion 


Differences  in  thermal  expansions  of  detail  parts  must  be  considered 
closely  to  prevent  severe  mismatches  between  components  in  installa- 
tions. 

Figure  24-2  shows  the  strain  or  unit  elongation  due  to  thermal  expansion 
for  aluminum  and  stretched  acrylic  over  a broad  temperature  range.  The 
difference  between  the  two  curves  in  the  figure  represents  the  thermal 
expansion  differential  of  these  materials  measured  from  a room  tempera- 
ture reference.  This  thermal  expansion  differential  is  the  net  change 
in  length  per  unit  length  (AL/L)  as  a function  of  temperature  and 
reflects  that  the  coefficient  of  thermal  expansion  for  stretched 
acrylic  varies  with  temperature. 

To  illustrate,  consider  a stretched-acrylic  canopy  50  inches  long 
that  is  to  be  installed  into  an  aluminum  structure.  If  the  holes 
in  the  canopy  and  structure  were  predrilled  at  70°F  and  field  re- 
placement is  attempted  at  32_|,  the  expansion  differential  obtained 
from  Figure  24*2  is  120  x 10  3in/in,  or  a total  change  in  length  of 
0.060  inch.  Obviously,  if  this  relative  contraction  is  not  accounted 
for,  holes  will  not  align,  and  the  shape  will  be  considerably  dif- 
ferent than  at  room  temperature.  To  allow  for  this,  replacement 
canopies  must  be  supplied  either  undrilled  or  with  oversize  holes. 


Figure  24-2.  Differential  Thermal  Change  in  Length* per  Unit  Length. 
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the  transparency  contours  is  important  in  order  to  avoid  inducing  ex- 
cessive stress  into  the  transparency  from  installation  preload.  This 
is  a subtle  point  and  is  discussed  here  because  it  is  the  designer's 
responsibility  to.  specify  the  necessary  features  or  tolerances  to 
prevent  an  otherwise  interchangeable  panel  from  being  preloaded  ex- 
cessively. Otherwise,  mechanics  installing  transparencies  will  soma- 
times  force  the  parts  into  place,  excessively  torquing  the  fasteners, 
thus  inadvertently  or  unknowingly  introducing  high  preloads,  leaving 
little  residual  strength  to  accommodate  flight  loads. 

Figure  24-3  shows  induced  stress  as  a function  of  camber  or  contour 
mismatch  for  three  different  windshield  configurations.  The  data  was 
derived  from  24-in  square  test  panels.  From  these  curves,  it  can  be 
seen  that  large  induced  stresses  can  result  from  relatively  small 
contour  mismatches.  This  is  especially  significant  for  stiff  panels 
with  rigid  edgings. 

It  should  also  be  noted  that  unsymmetrical  laminated  assemblies 
behave  in  a manner  similar  to  bimetal  elements;  that  is,  they  tend 
co  change  curvature  with  temperature  changes.  Glass-faced-plastic 
windshields  fall  into  this  category.  In  the  unrestrained  state, 
severe  contour  changes  will  occur  over  the  range  of  temperatures 
(32°F  to  100°F)  that  are  considered  amenable  for  assembly.  Appropriate 
installation  procedures  must  therefore  be  prepared  for  such  situations. 
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25.0 


STRUCTURAL  LOADS 


There  are  many  conditions,  both  mechanical  and  environmental,  that 
induce  stress  in  transparencies.  In  addition,  laminated  windshields 
containing  integral  heating  elements  develop  complex  thermal  gradients 
that  also  affect  the  stresses  in  the  transparency.  It  is  important 
that  all  of  these  conditions  be  considered  during  design  and  qualifi- 
cation because  the  low  strength  levels  of  transparent  materials,  in 
comparison  to  conventional  structural  materials,  can  cause  seemingly 
small  stresses  to  have  significant  effects  on  structural  integrity. 

Table  25-1  summarizes  the  different  types  of  loading  conditions,  along 
with  descriptions  of  their  possible  effects.  Some  of  these  conditions 
occur  simultaneously  and  must  be  combined  to  calculate  or  develop 
critical  loading. 


TABLE  25-1.  LOADING  CONDITIONS 
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26.0  STRUCTURAL  ANALYSIS 

The  accurate  prediction  of  component  stresses  and  deflections  is  fun- 
damental to  structural  engineering.  For  helicopter  transparent  en- 
closures, two  basic  methods  are  commonly  employed:  formula  solutions 
and  finite-element  analyses.  Formula  solutions  use  closed-form  equa- 
tions with  specified  boundary  conditions  to  calculate  approximate 
values  for  stresses  and  deflections.  Compromises  are  usually  necessary 
with  this  method  to  account  for  actual  constraints,  interactions,  and 
shapes  not  explicitly  covered  by  the  formula.  For  these  reasons, 
standard  formulas  for  stress  and  strain  are  useful  only  for  preliminary 
design  calculations.  In  contrast,  finite-element  analyses  are  far  less 
compromised  by  these  restrictions  and  therefore  provide  more  accurate 
results.  However,  in  either  method,  allowances  should  be  made  when 
applicable  for  the  effects  of  creep,  thermal  relaxation,  and  hysteresis. 

Analytical  procedures  are  provided  in  the  following  sections  for  certain 
types  of  loading  conditions  to  facilitate  the  development  of  new  trans- 
parencies. However,  it  is  neither  practical  nor  advisable  to  attempt 
analytical  substantiation  for  all  of  the  different  types  of  loading 
conditions  that  affect  the  structural  integrity  of  transparencies, 
because  of  the  complexities  involved.  Thus,  past  experience  with 
similar  designs  and  development  testing  become  important  considerations 
for  new  designs. 

26. 1 Aerodynamic  Pressure  Loading 

Aeodynamic  pressure  is  considered  to  be  a primary  loading  condition 
in  the  analysis  of  helicopter  transparent  enclosures.  However,  this 
should  not  be  construed  to  mean  that  pressure  loading  is  the  only, 
or  most  critical,  loading  condition.  Nothing  could  be  further  from  the 
truth,  since  in  fact  most  transparency  failures  are  caused  by  other 
loading  conditions,  which  may  or  may  not  be  coupled  with  the  pressure 
loading. 

To  facilitate  preliminary  design,  the  following  formulas  for  analyzing 
plates  and  shells  for  pressure  loading  are  provided. 

26.2  Flat  Plates  (Bending  Only) 

This  section  presents  formulas  for  simplifying  the  design  and  analysis 
of  flat  plates. 

Table  26-1  lists  formulas  for  stresses  and  deflections  in  circular, 
rectangular  and  square  plates.  Numerical  values  for  the  constants  K 
and  K,are  given  in  Tables  26-2,  26-3  and  26-4.  K and  K,  were  determined 
using  a value  of  0.3  for  Poisson's  ratio.  Maximum  sureises  and 
deflections  for  these  cases  are  at  the  center  of  the  plate. 


Nomenclature: 


a - outside  radius  of  circular  plate  or  long  side  of  rectangular 
plate. 

b - side  of  square  plate  or  short  side  of  rectangular  plate. 

E - modulus  of  elasticity. 

f - stress  in  the  radial  direction, 

r 

ft  - stress  in  the  tangential  direction. 

K - a constant  for  determini  - deflections. 

K-j  - a constant  for  determining  stresses. 

rQ  - radius  of  a concentric  loading  circle, 

t - thickness  of  a plate. 

W - total  load  applied  to  a plate  (lb), 

w - uniformly  distributed  load  on  a plate  (lb/iri  ). 

s - vertical  deflection. 

Sign  Convention: 

A positive  stress  indicates  compression  on  the  upt.s’r  'rface  of  the  plate 
and  equal  tension  on  the  lower  surface.  A posi-’  ••  deflection  is  down- 
ward. A negative  sign  indicates  the  reverse  cc-»  ion. 

Limitations: 

1.  The  plate  is  flat  and  of  uniform  thickness. 

2.  The  thickness  is  not  more  than  25%  of  tne  width. 

3.  The  maximum  deflection  is  not  more  than  one-half  the  thickness  of  the 
plate. 

4.  The  stresses  do  not  exceed  tne  elastic  limit  of  the  material. 

5.  The  material  is  homogeneous  and  isotropic. 


TABLE  26-1.  STRESS  AND  DEFLECTION  FORMULAS  FOR  FLAT  PLATES 


Configuration 
& Loading 

Maximum 

Stress 

(psi) 

Maximum 

Deflection 

(in) 

Case 

(Table) 

Circular  with  uniform 

K^W 

KWa2 

26-2 

load  applied 

t2 

Et3 

Square  or  rectangular  with 

K^wb2 

Kwb^ 

26-3 

uniform  load  applied 

t2 

; 

ro 

1 -p 

1 UJ 

Square  with  uniform  lead 

KWb2 

26-4 

over  a small  area  of  radius  r 

0 

t2 

Et3 

Data  from  Ref.  1. 
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26.3  Flat  Plates  (Bending  with  Membrane  Action) 


A flat  transparency  subjected  to  transverse  pressure  loading  must  be 
considered  as  a partial  membrane  when  the  deflection  exceeds  the 
thickness  of  the  part.  Such  a deflection  creates  in-plane  tension 
forces  that  provide  an  additional  stiffening  capacity  over  and  above 
the  plate's  flexural  stiffness.  These  tension  forces  must  be  balanced 
by  radial  tension  reactions  from  adjacent  structure  if  the  edges  are 
restrained,  or  by  circumfei ential  compression  if  the  edges  are  only 
loosely  clamped.  The  equations  in  Tables  26-5  and  26-6  can  be  used 
to  calculate  approximate  stresses  and  deflections  for  membrane  panels. 


Nomenclature 


a 

b 

f 

f 

‘d 

r 

t 

y 

\y 

E 


- Length  of  long  edge 

- Length  of  short  edge 

- Total  stress 

- Diaphragm  stress 

- Outside  radius  of  plate 

- Thickness  of  plate 

- Maximum  deflection 

- Poisson's  ratio 

- Modulus  of  elasticity 


(in) 

(in) 

(psi) 

(psi) 

(in) 

(in) 

(in) 

(dimensionless) 

(psi) 


TABLE  26-5.  STRESS  AND  DEFLECTION  FORMULAS  FOR  CIRCULAR  PLATES 
UNDER  UNIFORM  LOADS  THAT  PRODUCE  LARGE  DEFLECTIONS 


26.4  Curved  Panels 


Membrane  and  flexural  stresses  in  curved  panels  subjected  to  pressure 
loads  are  substantially  lower  than  corresponding  stresses  in  flat 
panels  having  equivalent  areas.  The  ideal  case  is  represented  by  an 
infinitely  long  circular  cylinder  for  which  circumferential  and  longi- 
tudinal stresses  are  calculated  in  accordance  with  classical  pressure 
vessel  equations: 


f 

(26-1) 

c t 

f = 
rl  2t 

(26-2) 

6 - £ (f=  -"V 

r E 

(26-3) 

where 

p = pressure  loading 

r = radius  of  cylinder 

t = thickness  of  cylinder 

f = circumferential  stress 
c 

f^  = longitudinal  stress 
E = modulus  of  elasticity 
<5„  ~ radial  deflection 
p = Poisson's  ratio 
26.4.1  Deficiencies 

The  preceding  formulas  are  subject  to  the  following  deficiencies: 

1.  Support  constraints  in  actual  installation  create  discontinuity 
stresses  along  the  panel  edges,  as  shown  in  Figure  26-1.  In 
many  cases  these  discontinuity  stresses  constitute  the  major 
portion  of  the  total  stress. 

2.  Helicopter  transparencies  with  other  than  circular  cross  sections, 
?.e.,  loft  conics  or  compound  curves,  support  pressure  loads  by 
bouh  membrane  and  bending  action,  which  are  not  readily  analyzed 
by  standard  formulas. 
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26.5  Finite-Element  Structural  Analysis 

Computerized  finite-element  analysis  provides  a more  accurate,  detailed 
and  less  compromising  method  for  analyzing  complex  structures  than 
calculations  based  on  formula  solutions  for  stresses  and  deflections. 
For  example,  in  Figure  26-2  a computer-generated  stress  distribution 
obtained  by  a finite-element  analysis  compares  favorably  with  the 
results  of  a test  conducted  on  a specimen  loaded  under  similar  con- 
ditions. 

Finite-element  analysis  has  signficant  advantages  for  analyzing  and 
determining  interactions  for  the  following  types  of  structures: 


1.  Transparencies  mounted  on  elastic  supports.  Here,  the  analysis 
considers  the  effect  that  supporting  structure  deflections  have 
on  transparency  stress. 


Conventional  Analytical 
Analogies 


Analogy 


2.  Transparent  enclosures  influenced  by  fuselage  deformations  or 
wracking.  During  flight  or  ground  maneuvers,  fuselage  loads  can 
distort  transparency  mountings  and  induce  panel  stress.  A finite- 
element  model  of  the  fuselage  containing  the  transparency  can  be 
used  to  determine  the  magnitude  of  these  stresses. 


3.  Curved  shells.  General  formulas  for  stress  and  strain  apply  only 
to  flat,  circular  or  spherical  shaped  panels  of  square,  rectan- 
o'jlar  or  circular  planform.  Unique  analytical  solutions  are  re- 
quired for  other  shapes  and  are  difficult  to  obtain.  Finite-ele- 
ment modeling  accommodates  any  shape  by  describing  the  surface 
in  terms  of  geometric  coordinates. 
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Pressure  Distribution  Pressure  Distribution 

Presently,  existing  finite-element  programs  are  unsuitable  for  the 
analysis  of  transversely  loaded  flat  plates  where  the  load  is  carried 
partially  or  entirely  by  membrane  effects.  The  membrane  response  of 
a flat  plate  subjected  to  pressure  loading  is  nonlinear,  and  the 
higher-order  terms  that  govern  such  relationships  are  not  included  in 
current  programs. 

26.5.1  Finite-Element  Format 

There  are  many  different  computer  programs  available  for  performing 
structural  finite-element  analyses.  NASTRAN  (NAsa  STRuctural  ANalysis) 
is  one  of  the  most  widely  accepted  versions  used  in  the  aircraft  in- 
dustry. To  use  NASTRAN,  the  analyst  enters  a description  of  the  struc- 
ture and  applied  loads  in  a computer.  The  computer  then  provides  an 
output  consisting  of  a detailed  listing  of  all  internal  loads,  stresses, 
displacements,  and  external  reactions. 


t|  A brief  discussion  on  the  use  and  theory  of  finite-element  analysis  is 

I provided  in  the  following  section. 

| 26.5.2  Finite-Element  Models 

A finite-element  model  describes  a structure  in  terms  of  geometric 
coordinates  and  structural  elements.  The  structural  elements  are  se- 
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lected  to  simulate  the  actual  type  of  structure,  and  individual  ma- 
terial and  geometric  properties  are  specified  for  each  element.  Ele- 
ments can  represent  rod,  bar,  shear,  or  plate  characteristics.  Rods 
are  line  elements  capable  of  carrying  axial  and  torsional  loads.  Bars 
are  also  line  elements  that,  in  addition  to  carrying  axial  and  torsion 
loads,  can  react  bending  and  shear  loads.  Shear  elements  are  used  to 
duplicate  webs  and  skins  and  can  take  in-plane  tension,  compression 
and  shear  loads.  Plate  elements  are  similar  to  the  shear  elements 
but  also  have  flexural  stiffness. 

Figure  26“ 3 shows  a typical  NASTRAN  model  for  a helicopter  nose  section. 
In  this  model  the  windshields  are  composed  of  200  triangular  plate 
elements  having  six  degrees  of  freedom  per  element.  Curved  surfaces 
are  modeled  by  specifying  coordinates  of  each  node  of  each  triangle. 
Geometry  coordinates  are  most  conveniently  obtained  from  the  analytic 
geometry  programs  used  to  describe  an  aircraft's  basic  contours.  It 
is  essential  to  have  an  accurate  model  of  the  structure  adjacent  to 
the  transparencies  because  of  the  complex  loading  interactions  that 
occur. 

Laminated  composite  windshields  must  be  idealized  as  monolithic  struc- 
tures because  it  is  not  practical  to  simulate  the  nonlinear  coupling 
characteristics  of  the  interlayers  used  in  such  panels.  Equivalent 
properties  for  uncoupled  laminates  (least  stiffness)  would  therefore 
be  considered  conservative  for  use  in  an  analysis  of  direct  pressure 
loading,  whereas  equivalent  properties  for  fully  coupled  laminates 
(greatest  stiffness)  would  be  considered  conservative  for  an  analysis 
of  forced  deflections,  such  as  airframe  wracking  conditions. 

Prior  to  running  a model  with  applied  loads,  the  geometry  inputs  should 
be  verified.  A cathode  ray  tube  (CRT)  display  is  an  effective  aid 
in  this  process  As  shown  in  Figure  26-4,  the  analyst  can  use  a 
light  pen  to  identify  specific  elements  and  coordinates  of  the  model. 

& jtating  the  model  about  any  axis  on  the  display,  missing  elements, 
improperly  connected  elements,  and  erroneous  coordinates  can  be  readily 
detected. 
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26.5.3  Finite-Element  Theory 

The  displacement  or  stiffness  method  is  used  to  calculate  the  forces 
in  structural  elements.  This  method  consists  of  modeling  a structure 
as  a collection  of  finite  elements  that  are  mathematically  considered 
to  have  the  elastic  properties  of  the  structure  they  represent.  These 
elements  are  connected  at  joints  or  nodes  called  grid  points.  The 
force-displacement  equation  shown  below  for  the  various  connected  ele- 
ments is  compiled  by  the  computer  program  in  matrix  form. 


where 


(F)  = 

CK)  (6) 

(26-4) 

(K)  = 

stiffness  matrix 

(6)  = 

displacements  at  node  points 

(F)  = 

forces  applied  at  node  points 

The  nodal  displacements  are  the  unknowns  in  this  problem,  and  the 
stiffness  matrix  must  be  inverted  and  multiplied  by  the  applied  load 
vector,  which  yields 


(6)  = 


(K)'V) 


(26-5) 


When  the  displacements  are  known,  the  extension  of  each  finite  element 
can  be  found  and  the  stresses  can  be  determined  from  the  stress-strain 
relationships  of  the  elements. 

In  the  development  of  this  finite-element,  method  for  the  analysis  of 
linearly  elastic  structures,  it  is  assumed  that  both  the  displacements 
and  the  strains  developed  in  the  structure  are  small,  and  that  the 
stress-strain  relationships  for  the  material  are  linear.  Physically, 
the  first  assumption  means  that,  during  the  loading  process,  the 
geometry  of  the  structure  remains  basically  unchanged,  so  that  the 
infinitesimal,  first-order,  linear  strain-displacement  relations  may 
be  used  and  so  that  the  equations  of  equilibrium  may  be  written  for 
the  undeformed  structure.  The  second  assumption  can  be  thought  of  as 
following  from  the  first,  since  the  stress-strain  relations  for  most 
engineering  materials  can  be  considered  linear  when  the  stresses  are 
below  the  elastic  limits  and  the  displacements  are  small. 


In  some  instances,  these  assumptions  may  fail  because  of  nonlinear 
effects,  even  though  the  actual  strains  and  displacements  may  be  small 
and  the  elastic  limits  of  the  structural  matf  ’?1  are  not  exceeded. 
Nonlinear  static  effects  are  classified  as  m ,<*rial  nonlinearities  and 
geometric  nonlinearities. 

Material  nonlinearity  effects  occur  because  the  stresses  are  nonlinear 
functions  of  the  strains,  resulting  from  the  nonlinear  elastic  or 
plastic  behavior  of  the  structural  material. 


Geometric  nonlinear  effects  occur  because  the  strains  and/or  displace- 
ments at  the  points  of  applied  loading  are  nonlinear  functions  of  the 
degrees  of  freedom  used  to  describe  the  motion  of  the  structure.  That 
is,  geometric  nonlinearities  occur  when  the  loads  applied  to  the 
structure  are  large  enough  to  give  rise  to  relatively  large  displace- 
ments. When  the  deflections  are  large,  they  cause  significant  changes 
in  the  geometry  of  the  structure,  and  in  such  cases,  the  equations  of 
equilibrium  must  be  reformulated  for  the  deformed  configuration. 

26.5.3.1  Finite-Element  Capabilities  for  Nonlinear  Problems 

NASTRAN  presently  includes  a linear  static  capability,  a differential 
stiffness  capability  and  a conservative,  nonlinear  material  capability 
called  piecewise  linear  analysis.  These  capabilities  have  not  been 
combined. 

The  differential  stiffness  capability  includes  the  stiffening  or 
softening  effects  of  static  inplane  loads.  Thus,  the  differential 
stiffness  matrix  may  be  interpreted  as  an  effective  stiffness  coated 
by  the  stresses  existing  in  the  structure.  This  added  stiffness  is 
calculated  from  the  geometry  of  and  internal  loads  existing  in  the 
element,  and  is  assumed  to  be  proportional  to  the  magnitude  of  the 
applied  loads.  The  total  stiffness  of  the  structure  is  the  sum  of 
the  elastic  stiffness  matrix  and  the  geometric  stiffness  matrix. 

This  two-step  approach  is  in  direct  contrast  to  iterative  procedures, 
and  because  of  this,  the  differential  stiffness  aproach  can  only  be 
expected  to  give  accurate  answers  for  those  problems  where  the  effects 
of  geometric  nonlinearities  are  not  too  severe. 

Finally,  it  should  be  noted  that,  for  the  plate-bending  element,  the 
geometric  stiffness  matrices  for  this  e’ement  are  functions  of  only 
the  axial  or  inplane  loads  determined  from  the  linear  solution.  The 
changes  in  the  axial  and  inplane  strains  due  to  transverse  loads  are 
considered  to  be  higher-order  effects  and  are  ignored  in  the  geometric 
stiffness  matrix  formulation.  Physically,  this  means  that,  in  the 
case  of  a perfectly  flat  plate  with  no  prescribed  inplane  loading, 
membrane  effects  arising  from  transverse  pressure  loads  canno;  be 
predicted. 

It  is  essential  to  use  the  differential  stiffness  approach  in  the 
analysis  of  helicopter  transparent  enclosures  because  of  the  relatively 
large  displacements  that  occur.  These  displacements  significantly  alter 
the  geometric  matrices  used  for  computing  stresses  and  deflections, 
and  must  be  compensated  for  to  obtain  accurate  results.  Differential 
stiffness  solutions  can  alter  the  results  of  a linear  static  analysis 
by  as  much  as  lOO*,. 
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The  piecewise  linear  analysis  is  used  to  solve  problems  involving 
material  plasticity.  In  this  approach,  the  nonlinearities  of  the 
materials  are  defined  in  the  program  as  tabular  stress-strain  curves. 
The  load  is  applied  in  small  increments  so  that  the  stiffness  proper- 
ties of  the  elements  can  be  assumed  to  be  constant  over  each  increment. 
The  stiffness  matrix  for  each  increment  is  dependent  on  the  current 
state  of  stress  in  the  elements,  and  displacement  increments  and 
stresses  are  accumulated  to  produce  the  final  nonlinear  result. 


The  piecewise  structural  stiffness  matrix  must  be  reformulated  and  de- 
composed for  each  load  increment.  However,  from  the  analysis  stand- 
point, the  most  serious  drawback  is  the  fact  that,  for  each  load  in- 
crement, the  coordinates  of  the  grid  points  in  the  undeformed  state 
are  used  to  calculate  the  element  stiffness  matrix.  Because  of  this, 
many  piecewise  linear  solutions  are  only  gross  approximations  of  the 
true  response  of  the  structure.  However,  it  should  be  pointed  out 
that,  even  if  the  coordinates  of  the  grid  points  were  updated,  the 
solution  would  still  be  only  an  approximation  (albeit  a much  better 
one)  of  the  true  response  unless  the  effects  of  differential  stiffness 
were  included. 


.6  Thermal  Stress 


Analytical  expressions  are  presented  in  this  section  to  aid  in  esti- 
mating thermal  stresses  induced  in  heated  windshields  for  several 
different  conditions.  These  expressions  are  based  on  mathematical 
derivations  for  ideal  cases  and,  therefore,  must  be  considered  as 
providing  only  approximations  of  actual  stresses. 

.6.1  Temperature  Gradient  Across  Thickness 

A temperature  differential  across  the  thickness  of  a heated  windshield 
exists  when  power  is  applied  to  the  windshield  heating  film.  The 
same  type  of  temperature  gradient  also  results  from  the  difference  in 
temperature  between  cockpit  air  and  the  outside  air.  This  condition 
is  illustrated  in  Figure  26-5. 

If  the  windshield  is  unrestrained,  it  would  assume  a spherical  curva- 
ture; however,  since  the  edges  are  supported,  thermal  stresses  will 
result,  with  the  cold  surface  in  tension  and  the  hot  surface  in 
compression.  The  maximum  stresses  can  be  approximated  by  the  following 
equation: 


E a A T 


(from  Ref.  3)  (26*6) 
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tensile  stress 
modulus  of  elasticity 
coefficient  of  theimal  expansion 
temperature  gradient. 

Poisson's  ratio 


It  may  be  noted  that  in  most  heated  windshield  applications  the  con- 
tribution of  the  inner  ply  temperature  differential  to  the  total 
stress  is  negligible.  Also,  the  effects  of  the  restraining  moments  will 
be  shared  by  all  plies  within  the  laminate  in  proportion  to  their 
stiffnesses,  which  will  reduce  the  neak  stresses  predicted  by  equation 
26-6. 


Cold 

Outside 

Air 


Figure  26-5.  Temperature  Profile  of  Heated  Windshield. 
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26.6.2  Localized  Hot  Spots 


Nonuniform  heating  in  the  conductive  coating  of  electrically  heated 
windshields  results  in  regions  of  high  temperature  concentration, 
called  hot  spots.  Analytical  expressions  for  the  stresses  induced 
in  the  outer  glass  panel  of  the  windshield  by  such  nonuniformities 
are  presented  here. 


For  the  purpose  of  the  analyses,  the  hot  spot  considered  is  a right 
circular  cylinder  with  bases  coincident  with  the  lateral  faces  of 
the  transparency,  as  shewn  in  Figure  26-6.  Its  temperature  is  con- 
sidered constant  and  higher  than  the  uniform  temperature  of  the  re- 
mainder of  the  plate. 


Figure  26-6. 


Tensile  Stress  at  Edge  of  Semi-Infinite  Glass  Panel 
Produced  by  Cylindrical  Hot  Spot  Located  Near  Edge. 
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For  the  case  of  a hot  spot  located  in  a semi-infinite  plate,  the 
maximum  stress  occurs  at  the  edge  of  the  plate  in  the  position  and 
direction  indicated  in  Figure  26-6,  This  stress  is  given  by  the 
following  equation  taken  free  Reference 


W 


“<>"45; 


(26-71 


where 


T. 


. _ = temperature  differential  between  hot  spot  and 

surrounding  area. 


8 ~ Hot  spot  temperature  distribution  factor. 

S » 1.0  for  a uniform  temperature  distribution  yielding 
the  maximum  possible  stress  for  any  given  case. 

The  preceding  formula  Is  useful  only  for  gross  estimations  of  actual 
stresses,  because  actual  temperature  profiles  do  not  conform  to  simple 
geometric  shapes.  This  is  illustrated  by  Figure  2C-7  which  shows  a 
typical  thermal  map  of  a rectangular  windshield  when  heated. 

26.6.3  Cold  Edges 

The  edges  of  a heated  windshield  are  usually  somewhat  cooler  than  the 
center  region  of  the  panel.  Lack  of  edge,  heating  and  heat  loss  to 
the  airframe  are  the  predominant  reasons.  This  condition  creates  ten- 
sile stresses  along  the  edges  as  shown  l,  igure  26-8.  which  may  be 
roughly  estimated  by  equation  26-8  from  Reference  3: 


EaA  T S 
ce 


(26-8) 


where  AT  = temperature  differential  between  the  central  area 
and  the  cold  edge. 

26.6.4  Stresses  due  to  Different  Thermal  Expansion  Coefficients 


The  stresses  resulting  from  differences  in  the  thermal  expansion  or 
contraction  of  two  dissimilar  materials  that  are  restrained  to 
prevent  lateral  deformation,  as  shown  in  Figure  26-9,  can  be  predicted 
by  equation  26-9. 
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Figure  26-8.  Location  and  Direction  of  Maximum  Tensile  Stress 
Induced  by  Cold  Edges.  SS 
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Figure  26-9. 


Material  2 


Coupling  on  the  Contraction  of 
Different  Materials. 


(26-9) 
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where 


coefficient  of  thermal  expansion 


modulus  of  elasticity 


material  thickness 


difference  between  ambient  temperature  and 
temperature  at  which  part  was  assembled 


This  equation  can  be  used  to  calculate  a stress  that  would  be  ap- 
proached only  if  the  two  materials  were  rigidly  coupled.  In  actual 
practice,  flexible  adhesives  or  interlayers  are  used  to  bond  lam- 
inates together  that  allow  slippage,  and  the  thermal  stresses  due 
to  expansion  differences  will  be  much  lower  than  those  predicted 
by  equation  26-9. 

The  extreme  condition  is  a very  flexible  interlayer  that  offers  no 
coupling.  Then,  unrestrained  thermal  expansion  of  the  facings 
occurs  and  the  interlayer  must  absorb  the  difference  in  elongation 
between  the  two  facings  (see  Figure  26-10) . This  elongation  can  be 
calculated  with  equation  26-10: 


6 = (a^-a^jL  ATfc 


(26-10) 


where  6 = interlayer  elongation,  as  shewn  in  Figure  26-10 

L = initial  dimension  across  part  as  shown  in  Figure 
26-10 


It  should  be  noted  that  the  preceding  equations  can  only  be  used  to 
establish  limits  for  maximum  stresses.  They  are  invalid  for  calcu- 
lating actual  stresses  because  of  the  nonlinear,  temperature  de- 
pendent properties  of  typical  interlayers  that  influence  the  true 
stress  distributions. 
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Figure  26-10.  Interlayer  Deformation  due  to  Thermal  Expansion 
Differences 


26.7  Safety  Factors 


It  is  not  possible  to  specify  a general  factor  of  safety  to  be  used 
in  the  design  of  all  helicopter  transparent  enclosures.  Safety 
factors  as  high  as  5.0  and  10.0  have  been  used  for  windshields  in 
the  past,  although  the  practice  of  arbitrarily  selecting  factors 
much  greater  than  1.5  is  considered  unwarranted  and  crude. 

Safety  factors  should  be  established  for  individual  applications 
based  on  the  following  factors: 

1.  Accuracy  of  the  analytical  method  used  to  predict  stresses. 

2.  Consideration  of  coupled  or  combined  loading  conditions. 

3.  Reduction  of  allowable  material  stresses  for  environmental 
effects. 


4. 

5. 

6. 


Presence  of  residual  manufacturing  stresses. 

Possibility  of  service-induced  flaws. 

Variation  of  physical  and  geometric  properties  due  to  manu- 
facturing tolerances. 

Experience  with  similar  designs/installations 
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27.0  INTERLAYER  DESIGN  CONSIDERATIONS 


Interlayers  are  considered  to  be  nonstructural  inasmuch  as  they  are  not 
designed  to  support  normal  flight  loads.  However,  interlayers  do 
become  stressed  as  a result  of  differential  straining  that  occurs  be- 
tween individual  plies  within  laminated  panels.  This  strain  can  be 
caused  by  thermal  or  mechanical  forces. 

Excessive  interlayer  strain  can  lead  to  several  types  of  failures.  The 
most  common  is  delamination.  Delamination  occurs  when  the  forces  acting 
on  the  interlayer  exceed  the  adhesive  strength  of  the  bond  between 
the  interlayer  and  facing  ply.  Damage  to  structural  face  plies,  such 
as  edge  chipping  and  cracking,  can  also  occur  as  a result  of  these 
forces. 

The  different  mechanisms  that  affect  interlayer  loading,  including 
fail-safe  requirements,  are  discussed  in  the  following  sections. 

Criteria  for  using  interlayers  to  resist  bird  impact  forces  are  pre- 
sented in  the  Birdproofing  section  of  this  handbook. 

27. 1 Thermal  Expansion/Contraction  Differentials 


Thermal  expans ion/contraction  differentials  occur  when  materials  with 
different  coefficients  of  thermal  expansion  are  laminated  together. 
This  condition  occurs  in  its  simplest  form  in  symmetrical  laminates 
where  the  coefficient  of  thermal  expansion  for  the  interlayer  is 
typically  much  greater  than  that  of  the  facing  materials.  Figure  27-1 
shows  how  interlayer  shrinkage  forces  develop  in  symmetrical  laminates 
during  cold  soak.  In  nsymmetrical  composite  laminates,  the  inter- 
layer must  also  accommodate  different  rates  of  strain  between  facings. 
Figure  27-2  illustrates  this  condition. 


1 — — Facing  — 

m woman 

m 

RSmBihSI 

| *■*"  Facing  — " 

Figure  27-1.  Interlayer  Shrinkage  Forces  During  Conditions  of 
Cold  Soak. 
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— J-&-  } Interlayer 

7 / / \ 

— ” Facing  B~ 


Facing  A has  a Greater 
Shrinkage  Rate  than 
Facing  B 


Figure  27-2.  Cold  Soak  Forces  Induced  Into  Unsymmetrical  Laminates. 

The  effects  of  low  temperature  exposures  are  invariably  more  severe 
than  those  of  high  ^erature.  There  are  two  reasons  for  this:  First, 
interlayers  are  free  o.  stress  only  at  their  cure  temperature.  The 
interlayer  thermal  strains  are  then  proportional  to  thermal  gradient 
or  temperature  excursion  as  measured  from  the  interlaver  cure  tempera- 
ture. Cure  temperatures  are  generally  well  above  10(rF.  Thus,  for 
extreme  low  and  high  environmental  exposure  temperatures  of  -65°F  and 
160°F,  respectively,  it  is  readily  seen  that  at  the  low  temperature 
extreme,  interlayers  experience  the  greatest  thermal  gradient  and  hence 
the  highest  thermal  strains.  This  concept  is  illustrated  in  Figure 
27-3.  The  second  reason  is  that  the  modulus  of  elasticity  for  most 
interlayers  increases  as  the  temperature  is  lowered. 


Max.  High  Temperature 
Excursion 


Max.  Low  Temperature 
Excursion 


200°F 


■ 160  F Max  High  Temperature 
— Interlayer  Cure  Temperature 
100°F  (Zero  Thermal  Stress) 


■_50°F 


-65°F  Max  Low  Temperature 


Figure  27-3.  Temperature  Changes  Used  for  Establishing  Thermal  Stress. 


Internal  stress  distributions  resulting  from  thermal  expansion  dif- 
ferentials are  quite  complex.  Figure  27-^  is  a picture  of  a typical 
stress  distribution  for  a symmetrical  laminate.  These  results,  ob- 
tained by  phctoelastic  means,  ..how  that,  under  cold  soak  conditions, 
high  stress  concentrations  occur  extremely  close  to  the  edges  of  the 
laminate.  Analytical  methods  for  predicting  these  stresses  require 
the  use  of  complex,  three-dimensional,  ‘lonlinear,  large-displacement 
finite-element  analyses  and  are  considered  impractical  for  routine 
design  purposes.  Substantiation  of  design  integrity  must  therefore 
be  based  on  test  data. 

In  order  to  facilitate  the  development  of  new  designs,  empirical  com- 
parisons to  existing  designs  can  be  used.  To  aid  in  this  task, 

Table  27-1  lists  tne  important  design  variables,  along  with  brief 
descriptions  of  how  they  influence  interlayer  stresses.  Table  27-2 
lists  representative  values  of  facing  stresses  due  to  thermal 
expansion/contraction  differentials  for  symmetrical  and  unsymmetrical 
laminates.  This  data  applies  to  the  configurations  shown  in  Figure 
27-5. 

TABLE  27-1.  FACTOPS  GOVERNING  INTERLAYER  STRESS  IN  LAMINATED 
TRANSPARENCIES  FROM  THERMAL  EXPANSION  DIFFERENTIAL 


Design  Variable  Relationship  to  Interlayer  Stress 


Coefficient  of  Thermal  Expansion  Stress  increases  as  a function  of 

the  difference  in  the  coefficients 
of  the  constituent  materials. 

Stress  increases  as  a function  of 
interlayer  modulus. 

Stress  decreases  by  increasing 
interlayer  thickness. 

Stress  changes  in  proportion  to 
the  change  in  temperature  as  measured 
from  the  interlayer  cure  temperature. 

Interlayer  stresses  will  increase 
as  a function  of  increasing  facing 
stiffness. 

The  shear  stress  in  a compliant 
interlayer  increases  as  a function 
of  component  lineal  dimensions. 


Interlayer  Modulus 


Interlayer  Thickness 


Temperature  Change  from 
Interlayer  Cure 


Facing  Stiffness 
(Modulus  & Thickness) 


Maximum  Lineal  Dimensions 
Across  Part 
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TABLE  27-2.  FACING  STRESSES  DUE  TO  DIFFERENTIAL  THERMAL  EXPANSION/ 
CONTRACTION 


Configuration 
(See  Figure  27-5) 


Stress  at 
-65SF 


Stress  at 
+160°F 


(psi) 


(psi) 


Symmetrical  Laminate 
Unsymmetrical  Laminate 
Glass  ply 
Acrylic  ply 


•2600  to  -3600 


300  to  1000 


■9500  to  -10,000 

1,000 


500 

-200 


Data  from  Reference  2 


.085  in.  Chemcor  CLoi  Glass 


\ ..075  in. 


iT5  in.  Polyvinyl  Butyral 
•.080  in.  MIL-P-25690  Acrylic 


095  in.  Soda  Lima  glass 


/T  ‘ . 09?  m.  b 

£k=S 


T 


L 


Unsymmetrical  Laminate 


,OT5  in.  Polyvinyl  Butyral 


Symmetrical  Laminate 


Figure  27-5.  Laminates  Used  to  Obtain  Fac. ,ng  Stresses. 
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27.2  Transverse  Thermal  Contraction  due  to  Cold  Edges 

Unless  a windshield  incorporates  edge  heating,  there  can  be  a large 
temperature  gradient  between  the  central  heated  area  and  the  panel 
edges,  as  shown  in  Figure  27-6.  Accompanying  this  temperature  gradient 
will  be  a tendency  for  the  interlayer  to  change  its  thickness.  However, 
any  change  in  thickness  is  resisted  by  the  stiffness  of  the  facing  plies, 
and  equilibrium  is  reached  when  the  tensile  forces  acting  over  the 
narrow  edge  zone  are  balanced  by  compressive  force  over  the  central 
heated  area.  A typical  stress  distribution  is  shown  in  Figure  27-7. 


8Q°F  to  120°F 
Typical  Heating 


Figure  27-6.  Cold  Edge  Contraction  of  Interlayer. 


Interlayer/Face  Ply  Bond  Tension  Force 
Distribution 

Face  Ply  in  Relaxed  State 


Compression  Force  Distribution 
Between  Interlayer  and  Face  Ply 


Cold  Edge 


Bus  Bar— 7 Heating  Film 

Figure  27-7.  Stress  Distribution  due  to  Cold  Edges. 
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Due  to  the  complexity  of  the  problem  and  the  time-  and  temperature- 
dependent  properties  of  the  interlayer,  it  is  virtually  impossible 
to  accurately  determine  these  stresses.  However,  examination  of  the 
relevant  variables  is  instructive.  The  stiffnesses  of  the  facing 
plies  are  of  primary  importance,  since  the  bending  of  the  facing  plies 
can  substantially  reduce  the  interlayer  stresses.  The  interlayer 
forces  are  primarily  functions  of  E,a  , and  aT„  where  E is  the 
modulus  of  the  interlayer  at  the  average  edge  temperature,  a is  the 
expansion  coefficient  of  the  interlayer,  and  AT  is  the  difference 
in  temperature  between  the  outer  glass  edge  and  the  central  area 
(mean  temperature  through  the  interlayer  thickness).  It  is  interesting 
to  note  that  interlayer  thickness  is  not  a factor  in  the  above  situation. 

For  certain  interlayers,  such  as  polyvinyl  butyral  (PVB),  E is  in 
itself  a function  of  temperature.  Therefore  the  most  effective  way 
to  minimize  cold  edge  stress  in  designs  using  a temperature- sensitive 
high-modulus  interlayer  is  to  control  the  temperature  gradients.  This 
can  be  accomplished  by  keeping  the  heating  element  as  close  as  possible 
to  the  edge  and  insulating  the  windshield  from  losses  to  surrounding  air- 
frame structure.  The  heating  film  temperature  should  also  be  kept 
as  cool  as  possible. 

27.3  Interlayer  Stress  from  Edge  Loading 

Uniform  loading  of  individual  plies  within  a laminate  cannot  be  achieved 
with  unsymmetrical  edge  attachments.  Figures  27-8  and  27-9  illustrate 
how  unsymmetrical  edge  loading,  from  either  flexure  or  membrane  action, 
produces  strain  in  the  interlayer  at  the  panel's  edge.  The  resultant 
strain  is  a function  of  the  stiffness  of  the  individual  laminates 
and  the  intensity  of  the  applied  loads. 


Initially  Flat 


Tensile  Forces  in  the  Interlayer 
Couple  Face  Plates 


Reaction 


Pressure 


Figure  27-8. 


Interlayer  Strain  Resulting  From  Flexural  Loading  of 
Laminate  With  Staggered  Edge  Restraint. 


Interlayer  Displacement 
to  Accommodate  Differential 


• • ■ • ' *» 

. - » - 

Straining  of  Facings.^ 

/ 

r n/ 

/////// 

n V \ \ , 

Force-* 1 i 

| — **-  Force 

Figure  27-9. 

Interlayer  Strain 

NOTE:  Sloping  Elements  Were 
Initially  Oriented  Vertically 
Resulting  From  Application  of 

Membrane  Loads  to  Single  Ply  of  Laminated  Assembly. 

27.4  Manufacturing  Stresses 

During  lamination  it  is  assumed  that  face  plies  are  parallel  to  one 
another.  However,  in  actual  practice  the  face  plies  may  become 
squeezeo  together  along  the  panel  edges  while  the  interlayer  is  being 
cured  under  pressure,  as  shown  in  Figure  27-10  When  the  vacuum  or 
autoclave  pressure  is  removed  the  facings  tend  to  spring  back  to  their 
original  shape,  which  introduces  residual  tensile  stresses  . n the 
interlayer.  The  key  factor  influencing  the  magnitude  of  these  stresses 
is  laminating  process  control. 


Tension 


Stress  Distribution  i».  Tnterl  lyer 
Figure  27-10.  Assembly- Induced  Interlayer  Bond  Tension. 
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27.5  Structural  Coupling  From  Interlayers 


The  composite  bonded  beams  that  are  frequently  encountered  in  struc- 
tural practice  use  engineering  materials  having  well  defined  elastic 
properties.  Classical  beam  bending  theory  is  applicable  within  the 
elastic  range  of  the  constituent  materials.  Such  bonded  beam  plies 
are  considered  to  be  fully  coupled;  that  is,  each  laminate  carries 
its  share  of  the  shear  and  inplane  forces  created  by  the  bending  loads. 
On  the  other  hand,  the  composite  transparencies  used  in  windshield 
and  window  applications  use  materials  having  both  elastic  and  visco- 
elastic properties.  Here,  one  set  of  plies  can  be  considered  elastic 
within  the  range  of  de'flection  and  stresses  of  interest,  with  adjacent 
plies  or  layers  behaving  as  viscous  materials  with  extremely  limited 
mechanical  properties.  Such  composite  beams  carry  practically  all 
their  loads  in  the  main  plies,  with  minimum  support  from  the  viscous 
interlayers,  and  are  considered  to  be  partially  uncoupled.  A 
composite  beam  consisting  of  parallel  spaced  plies  separated  by  weak, 
nonfunctional  interlayers  would  be  considered  fully  uncoupled. 


The  section  properties  of  fully  coupled  composite  laminates  are  de- 
rived from  the  parallel  axis  theorem  for  moment  of  inertia.  The 
resultant  stiffness,  derived  from  Equation  27-1,  can  be  used 
detailed  stress  and  deflection  calculations. 


EI  = 1 EnTn 

n n 


+ z ; 

n n 


Z 2A  Z 
n n 


(27-1) 


where 


modulus  of  elasticity 
moment  of  inertia 


A 

Z 

n 


cross  section  area 

distance  from  base  of  beam  to  centroid  of  area 
subscript  for  the  nth  lamina 


Typical  stress  and  strain  distributions  for  a fully-coupled  composite 
beam  are  as  shown  in  Figure  27-11. 


Tension 


r 


s 


fcte 


iO 


(a)  Strain  Distribution 


Compression 

(b)  Stress  Distribution 


Figure  27-11.  Stress  and  Strain  Distributions  in  a Fully  Coupled 
Composite  Beam  With  Equally  Stiff  Face  Plies. 
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The  bending  behavior  of  a completely  uncoupled  composite  beam  is  that 
of  a series  of  freely  stacked  plies:  the  leaf  spring  concept.  Each  ply 
acts  independently  and  slips  with  respect  to* its  neighbor  as  it  de- 
flects, all  plies  deflect  identically,  and  individual  plies  take  up 
their  portion  of  the  total  load  in  relation  t.o  their  stiffness.  Ac- 
cordingly, the  stiffness  shown  in  Equation  27-2  is  merely  the  sum  of 
the  individual  lamina  stiffness. 


(El)  = "l.  El 
s n-l  n n 


(27-2) 


Typical  stress  cad  strain  dist'ributVohs,  for  an  uncoupled  beam  are  shown 
in  Figure  27-12. 

Tension 


( 

f 1 

L y 

1 •>< 

* ) 

(a)  Strain  Distribution 


Compression 

(b)  Stress  Distribution 


Figure  27-12. 


Stress  ar.d  Strain  Distributions  in  an  Uncoupled  Composite 
8eam. 


Temperature  plays  a major  role  in  the  analysis  of  transparent  com- 
posite structures  since  some  of  the  materials  have  mechanical  properties 
that  vary  widely  within  the  range  of  operating  temperatures.  To  il- 
lustrate this  point,  Figures  27-13,  27-14  and  27-15  show  calculated 
coupled  and  uncoupled  stiffness  for  three  types  of  beams  as  functions  of 
temperature.  Also  shown  are  plots  of  stiffness  obtained  from  deflection 
test  results.  This  data  shows  that  at  low  temperatures  all  of  the  beams 
tested  are  virtually  fully  coupled,  while  at  elevated  temperatures  they 
appear  almost  totally  uncoupled.  At  room  temperature  they  appear  to  be 
partially  coupled. 

Flexural  stress  and  deflection  calculations  for  pressure  loading  con- 
ditions will  be  conservative  when  uncoupled  (minimum  stiffness)  section 
properties  are  used  in  the  analyses.  However,  this  conservatism  has 
the  following  restrictions: 

1 If  there  is  a significant  difference  in  stiffness  between  the 
two  facings,  coupling  can  create  a strain  distribution 
similar  to  that  shown  in  Figure  27-16.  Mere  the  neutral  axis 
remains  within  the  stiffer  facing,  and  interlayer  coupling  in- 
duces a higher  strain  in  the  more  compliant  facing  than  would  occur 
if  it  were  considered  uncoupled. 
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Stiffness  (El),  in-lb 
Unit  Width 


Stiffness  (El),  in-lb 
Unit  Width 


Data  from  ^ef.  2 


Figure  27-14.  Variation  of  Stiffness  With  Temperature,  Class/ 

Plastic  Laminate  With  Ethylene  Terpolvmer  Interlayer 
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This  phenomenon  is  illustrated  by  the  data  in  Table  27-3  which 
compares  measured  stresses  to  stresses  that  were  calculated  using 
coupled  and  uncoupled. properties.  . . _ „ 

2.  ',vhen  it  is  desired  to  determine  transparency  stresses  from 
fixed  deflections,  such  as  airframe  wracking,  the  analysis 
should  use  coupled  (maximum  stiffness)  section  properties 
to  be  conservative,  because  for  a given  level  of  deformation 
ot  strain,  stress  is  proportional  to  stiffness. 


Tension 


J 1 

\ compliant 

/ FaoinK 

( 

— y — Interlayer 

L 

^ f*.  V- stiff 

/ Facint  (El) 

(a)  Strain  Distribution 


Compression 

(b)  Stress  Distribution 


(EI)X  » (EI)2 


Figure  27-16.  Stress  and  Strain  Distributions  in  a Fully  Coupled 
Composite  Beam  With  Face  Plies  of  Unequal  Stiffness. 


27.6  Fail-Safe  Criteria  for  Interlayers 

Design  substantiation  of  interlayer  integrity  is  accomplished  by 
test  because  of  indeterminable  postfailure  variables.  Figure  27-18 
is  a photograph  of  a 24- inch-square  glass  laminate  supporting  pres- 
sure loading  of  1 psi  after  fracture  from  ballistic  penetration. 

The  laminate  had  a .075 -in.  polyvinyl  butyral  interlayer  and  was 
tested  at  room  temperature. 
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Data  from  P.cf 


27.7  Interlayer  Adhesion  Properties 

The  strength  of  an  interlayer  is  highly  dependent  upon  three  variables: 
temperature,  geometry,  and  substrate  material.  Temperatures  affect 
the  physical  properties  of  the  basic  interlayer  materials  and  are 
generally  discussed  in  Section  17  of  this  handbook. 

Geometry  is  important  because  of  the  nonlinear,  large-displacement 
characteristics  of  most  interlayers.  For  example,  consider  a typical 
element  loaded  in  shear,  as  shown  in  Figure  27-19.  The  total  dis- 
placement is  seen  to  be  made  up  of  a.  shear  strain  component,  plus  a 
component  of  strain  resulting  from, diagonal  tension.  This  nonlinear 
structural  response  complicates  analysis  and  also  puts  limitations  on 
the  use  of  extrapolated  test  data. 


Shear 

De formation 


Elongation  from 
Y^Diagonal  Tension 


Original  Shape 
of  Element 


Deformed  Shape 
of  Element 


Figure  27-19.  Shear  Deformation  of  Interlayers. 

The  adhesive  strength  of  an  interlayer  is  also  dependent  upon  the 
substrate  material,  including  coatings  to  which  it  is  bonded.  To 
illustrate  this  dependence.  Table  27-4  lists  typical  short-term 
tensile  and  shear  strength  properties  for  several  different  material 
combinations  at  high,  low,  and  room  temperatures.  This  data  was  ob- 
tained from  small  specimens,  and  appropriate  caution  should  be  used 
when  extrapolating  the  results  to  full-scale  components.  Particular 
attention  must  be  given  to  the  manner  in  which  the  load  is  applied. 
For  example,  comparison  of  the  tensile  strength  value  shown  in 
Table  27-4  with  cleavage  strength  values  from  Table  23-2  reveals  an 
order  of  magnitude  difference  in  values,  for  an  essentially  tensile 
loading. 


Data  from  Ref. 
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28.0  WEIGHT 

Table  28-1  is  a summary  of  mass  properties  for  the  common  transparent 
materials.  The  tabulation  also  includes  the  specific  stiffness  and 
• the*specific  strength  for  each' ntaterial . Two  values  for  specific 
strength  are  listed:  one  based  on  ultimate  strength,  and  the  other 
based  on  the  typical  reduced  values  that  are  used  for  design. 

TABLE  28-1.  DENSITIES  AND  SPECIFIC  STRENGTHS  OF  TRANSPARENT  MATERIALS 


Material 

Density 

(lb/in'3) 

Ultimate 

Strength 

Density. 

(in.xlO4) 

Typical 

Design 

Limit 

Strength 

Density. 

(in.xlO4) 

Specific 

Stiffness 

Modulus 

Density,- 

(in.xlO; 

MIL-P-5425 
Acrylic  Sht. 

.043 

22.79 

1.86 

10.47 

MIL-P-8184 
Acrylic  Sht. 

.043 

24.42 

3.49 

10.47 

MIL-P-25690 

Stretched 

Acrylic  Sht. 

.043 

26.74 

9.30 

10.47 

MIL-P-83310 

Polycarbonate 

.043 

20.93 

10.47 

6.98 

Semi tempered 
Glass 

.091 

23.19* 

4.95 

113.19** 

MIL-P-8257 

Polyester 

.043 

18.60 

N/A 

10.46 

Polyvinyl 

Butyral 

Interlayer 

.039 

N/A 

N/A 

N/A 

SS5272Y(HT) 

Interlayer 

.037 

N/A 

N/A 

N/A 

* Modulus  of  Rupture  in  Bending 
**Flexural  Modulus 
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NOTE:  The  preceding  table  is  intended  for  reference  purposes  only 

and  should  never  be  used  unilaterally  to  select  materials 
for  a given  application.  There  are  too  many  other  material 
= * properties  of  major  importance  that  can  easily  outrank  weight 

and  strength. 

28. 1 Weight  Optimization 

The  most  efficient  method  for  reducing  the  weight  of  a transparency 
that  is  subjected  to  pressure  loading  is  to  use  cylindrical  or  spherical 
shapes.  This  will  cause  the  internal  loading  to  be  inplane  such  as 
hoop -tension  or  shell  .compression.,  _ Conversely,  the  least  efficient 
shape  for  supporting  pressure  loads  is  a flat  panel,  which  supports 
pressure  loads  by  bending  and/or  membrane  action.  Tests  have  shown 
even  slight  curvature  has  a pronounced  effect  on  increasing  panel 
strength  and  rigidity.  Figure  28-1  shows  the  difference  in  deflection 
between  a flat  and  a contoured  16-inch-diameter,  0.25-inchrthick  acrylic 
plate.  The  contoured  panel  had  an  initial  camber  of  1 inch.  The 
magnitudes  of  the  stresses  in  the  centers  of  the  panels  were  proport- 
ional to  the  deflections  over  the  range  of  pressures  tested. 


Pressure,  psi 


Data  from  Ref.  1 


Figure  28-1. 


Deflection  vs  Pressure  for  Flat  and  Contoured  16-Inch 
Diameter,  1/4-Inch-Thick  Acrylic  Discs. 
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28.2  Transparency /Support  Interactions 

Transparency/support  interactions  are  an  important  consideration  in 
the  trade-off  between  designs  that  support  pressure  loads  by  plate 
bending  or  membrane  action.  Membrane  designs  are  invariably  lighter 
than  plate  bending  designs  on  a square  foot  basis.  Membrane  designs 
support  pressure  loads  as  diaphragms  in  direct  tension.  This  tension 
must  be  balanced  at  the  panel  edges  by  either  radial  tension  or  cir- 
cumferential compression.  The  membrane  design  edge  loads  are  usually 
many  times  greater  than  the  edge  loads  for  stiffer  plate-bending 
designs  As  a result,  substantial  framing  reinforcement  is  sometimes 
necessary  for  the  membrane  designs,  which  may  offset  savings  resulting 
from  their  lower  aerial  weights. 

The  distribution  between  membrane  and  bending  stresses  in  a panel 
subjected  to  pressure  loading  is  a function  of  the  pressure  intensity 
and  the  panel's  stiffness.  Also,  the  magnitude  of  the  inplane  membrane 
stresses  increase  as  the  radius  of  curvature  is  increased.  Table  28-2 
lists  the  various  types  of  panels  and  their  relative  aerial  densities. 

TABLE  28-2.  COMPARATIVE  WEIGHTS  OF  TRANSPARENCY  CONFIGURATIONS. 

Configuration  Predominant  Stress  Aerial  Density 


Flat  Panel  Bending  Heaviest 

Flat  Panel  Membrane  Intermediate 

Curved  Panel  Bending  Intermediate 

(Non-Circular) 

Curved  Panel  In  plane  Lightest 

(Circular) 
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29.0 


MANUFACTURING  METHODS 


A basic  understanding  of  how  transparent  components  are  fabricated  is 
necessary  to  enable  designers  to  create  efficient,  cost-effective  units 
with  reasonable  manufacturing  tolerances.  This  section  will  describe 
the  basic  methods  used  to  work,  trim  and  form  the  common  thermoplastic 
and  glass  materials. 

29. 1 Machinability 

Acrylic  and  polycarbonate  materials  have  working  qualities  similar  to 
soft  metals,  such  as  brass.  Standard  light  to  medium  metal  or  wood- 
working equipment,  such  as  band  saws,  jig  saws,  routers,  and  milling 
machines,  can  be  used  for  cutting.  In  general,  machining  tools  are 
operated  at  high  speeds  with  slow  feed  rates  to  minimize  frictional 
heat  buildup  that  could  cause  local  softening  of  the  material.  Rough 
cuts  are  finished  off  by  belt  sanding  or  grinding  to  impart  a smooth 
surface  free  of  stress  raisers.  When  undercuts  are  employed,  a mini- 
mum fillet  radius  of  1/16  in.  should  be  used  as  shown  in  Figure  29-1  in 
order  to  minimize  stress  raisers. 


1/16-inch  minimum  x-adius 


l 


Td 


Figure  2S-1.  Minimum  Fillet  Radius  for  Machined  Undercuts. 


Polycarbonate  material  is  extremely  susceptible  to  stress-cracking 
along  machined  edges  in  the  presence  of  contaminating  environments. 
The  contaminants  can  vary  widely  from  a large  number  of  chemicals 
and  solvents  to  a high  humidity  at  elevated  temperature  environments. 
The  effect  of  this  stress-cracking  is  a.  reduction  in  elongation  to 
failure. 


.2  Drilling 


Drilling  of  cast- acrylic  materials  can  be  accomplished  successfully 
with  twist  drills  commonly  used  for  soft  metals  if  ordinary  care  is 
observed.  However,  the  best  results  can  be  obtained  if  the  drills  are 
repointed  as  follows:  The  bit  should  be  carefully  ground,  free  of 
nicks  and  burrs  which  would  affect  surface  finish.  It  is  particularly 
important  that  the  cutting  edge  be  dubbed-off  to  zero  rake  angle.  The 
length  of  this  cutting  edge  (and  the  width  of  the  chip)  can  be  reduced 
by  increasing  the  included  angle  of  the  drill  bit  (see  Figure  29-2). 
Drills  with  slow-spiral  polished  flutes  should  be  used.  Flutes  should 
be  as  wide  as  possible.  For  drilling  shallow  or  medium  depth  holes, 
no  coolant  is  necessary.  For  deep  holes  a coolant  is  necessary.  The 
lubricant  and  coolant  for  drilling  plastics  is  a water-soluble  cutting 
oil. 

When  drilling  stretched  acrylic,  special  drills  should  be  ground  and 
used  exclusively.  Standard  drills  will  cause  the  hole  to  be  oversize 
and  distorted  and  chipping  will  be  excessive.  Whenever  possible,  a 
coolant  should  be  used.  The  speed  and  feed  of  the  drill  are  also 
critical.  The  drill  bit  included  angle  should  be  about  90°.  with  a 
secondary  angle  approximately  0.020  inch  long  and  12°  to  15°  lip 
clearance.  The  rake  should  be  0°  to  10°.  The  results  of  an  improperly 
drilled  hole  in  stretched  acrylic  are  shown  in  Figure  29-3. 


Figure  29-2.  Diagram  of  Recommended  Drill  Geometry  for 
Acrylic  Plastics. 
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Figure  29-3.  Poorly  Drilled  Hole  in  Stretched  Acrylic. 

Drilling  structural  holes  in  polycarbonate  material  is  a critical 
process  since  it  is  difficult  to  prevent  environmental  stress-cracking. 
The  first  requirement  is  to  keep  the  part  cool.  This  is  accomplished 
by  using  slow  to  medium  cutting  speeds  and  feed  rates,  and  a coolant. 
Water  is  an  excellent  coolant;  any  other  coolant  must  be  checked  for 
its  compatibility  with  polycarbonate.  The  second  requirement  is  to 
maintain  sharp  cutting  edges  at  all  times.  For  best  rasults,  holes 
should  be  drilled  undersize  and  reamed  by  use  of  precision  reamers 
in  steps  not  exceeding  1/64  inch,  to  the  desired  size.  The  hole  sur- 
face finish  should  not  exceed  65  rms. 


29.3  Glass 


Glass,  once  it  is  tempered,  cannot  be  cut  or  drilled.  These  operations 
can  only  be  accomplished  by  the  glass  manufacturer  while  the  material 
is  still  in  the  annealed  state. 


I mm 


4 Forming  Techniques 


Transparent  thermoplastic  materials  that  have  been  heated  until  pliable 
can  be  formed  to  almost  any  shape,  and  on  cooling,  they  retain  the 
new  shape,  except  for  small  contractions. 

Cold  forming  can  be  accomplished  within  certain  limits  when  the  final 
contour  of  the  part  is' a simple  wrap  shape  without  compound  curvature. 

A rule-of-thumb  limit  for  plastic  materials  as  to  the  amount  of 
curvature  that  may  be  cold  framed  or  wrapped  is:  the  minimum  radius  of 
curvature  should  not  ba  less  than  180  times  the  thickness  of  the  part. 
Tighter  bends  can  result  in  excessive  preload  stress  than  can  lead  to 
stress-crazing.  The  induced  preload  tensile  stress  from  cold  forming 
can  be  calculated  using  Equation  29-1.  Design  allowable  stress  for 
the  component  should  be  reduced  by  this  value. 

f = tE/2R  (29-1) 


where 


f = preload  stress  from  cold  forming  (psi) 
t = material  thickness  (inches) 

E = material  modulus  of  elasticity  (psi) 

R = radius  of  curvature  (inches) 

For  hot  forming,  transparent  plastics  must  be  heated  to  temperatures 
close  to  their  softening  points.  For  cast  acrylics  this  is  between 
290°F  and  350°F  depending  on  the  material's  thickness  and  the  type  of 
forming  to  be  used. 

5 Forming  Stretched  Acrylic 

Stretched  acrylic  is  formed  using  either  monotherm  or  duotherm  stretch 
forming  processes.  The  monotherm  process  involves  the  simultaneous 
stretching  and  forming  of  a component  to  the  desired  percent  stretch 
and  desired  shape  during  a single  relatively  short  heating  cycle.  This 
process  is  best  applied  to  free-blown  bubble  configurations  of  cir- 
cular cross  section,  wherein  depth-of-draw  requirements  are  outside 
the  limits  of  other  forming  processes. 

The  duotherm,  or  warm  forming,  process  is  basically  a two-stage  method 
of  forming  that  involves  (1)  stretching  of  flat,  hot  material  to  a 
flat  sheet  and  (2)  reheating  the  material  to  a temperature  sufficiently 
high  to  permit  relatively  slow  mold  forming,  but  at  the  same  time 
staying  below  temperatures  high  enough  to  allow  significant  relaxation 
of  the  stretch  or  weakening  of  the  sheet.  This  process  has  been  shown 
to  be  a successful  means  of  fabricating  shallow  draw  parts,  such  as 
windshields,  cockpit  side  windows,  and  canopies,  where  the  depth-of- 
draw  requirements  introduce  minimal  amounts  of  material  elongation. 


29.6  Forming  Polycarbonate 


Polycarbonate  materials  must  be  thoroughly  dried  prior  to  thermoforming. 
Failure  t,o  do  so  will  result  in  bubbles  forming  in  the  sheet  during  the 
forming  operation.  Drying  is  accomplished  using  air  circulating  ovens 
set  at  about  260°F  with  airing  times  varying  according  to  the  thickness 
of  the  sheet.  The  actual  forming  operations  are  conducted  in  the 
340°  - 400°F  range.  This  means  that  the  forming  apparatus  should  be 
equipped  with  its  own  heating  units.  The  practice  of  having  separate 
heating  and  forming  devices,  often  used  with  acrylic,  will  rarely  be 
feasible  with  polycarbonates. 


29.7  Forming  Methods 


Drape  forming  is  used  for  most  two-dimensional  shapes  and  for  mild 
three-dimensional  shapes.  In  this  process,  the  sheet  is  heated  to 
its  proper  forming  temperature  and  then  carefully  draped  over  a con- 
toured form  so  that  it  assumes  the  shape  of  the  form.  The  form  must 
be  free  of  waviness  and  other  variations  in  contour  which  might  cause 
optical  distortion  in  the  formed  part.  Form  surfaces  are  covered  with 
soft  flannel  cloth,  velvet,  grease  saturated  felt  or  other  suitable 
materials  to  minimize  objectionable  markoff. 

Parts  with  compound  curves  may  be  formed  from  transparent  plastic 
sheets  by  five  different  methods,  or  occasionally  by  combinations 
of  methods.  These  methods  are: 

1.  Stretch  Forming  manually  or  mechanically.  The  heated  plas.ic 
sheet  is  stretched  across  a form. 

2.  Air  Pressure  Differential  without  Form  (free-blown  method  - vacuum 
forming)  - This  is  the  most  commonly  used  method  for  making  air- 
craft canopies.  The  material  is  restrained  only  along  its  perim- 
eter, and  an  air  pressure  differential  is  used  to  blow  a natural 
bubble  shape  to  a specified  depth. 

3.  Air  Pressure  Differential  with  Female  Form  - When  the  desired 
contour  varies  radically  from  a true  surface  tension  shape  by 
having  sharp  changes  of  contour,  the  part  ma>  be  formed  by 
drawing  it  into  a female  form  made  of  plaster  or  metal. 

4.  Air  Pressure  Differential  with  Male  Form  (snap-back  method)  - 
Another  method  of  obtaining  shapes  which  vary  from  the  true  sur- 
face tension  shape  is  the  snap-back  method.  This  method  uses  a 
male  mold  that  is  inserted  into  a free-blown  shape  while  it  is 
still  hot.  The  air  pressure  differential  is  removed,  and  based 
on  the  principle  that  elastic  memory  of  the  material  will  cause 

a tendency  to  resume  its  flat  sheet  form,  the  sheet  will  contract 
to  contact  the  mold.  This  concept  is  illustrated  in  Figure  29-4. 
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Figure  29-4.  Snap-Sack  Forming  of  Acrylic  Sheet. 

5.  Rotof ormi ng  - This  method  uses  centrifugal  force  for  forming 

transparent  plastic  canopies. 

Stretching  thins  the  material.  Fig  e 29-5  can  be  used  to  estimate 
the  ratio  of  ';he  thickness  of  the  apex  to  the  original  sheet  thickness 
for  blown  spherical  parts  of  different  depths. 

29.8  Forming  Laminated  Parts 

Laminated  transparent  assemblies  can  take  three  basic  forms:  plastic 
laminated  to  plastic,  glass  laminated  to  glass,  and  glass  laminated  to 
plastic.  Each  type  of  construction  has  its  own,  unique  method  of 
manufacture.  In  general,  laminated  parts  are  manufactured  with  simple 
wrap  curvature  only.  Compound  curved  parts  can  be  made,  but  manu- 
facturing problems  are  substantially  increased. 

All-plastic  laminates  are  probably  the  simplest  to  form.  The  facings 
are  joined  together  with  an  interlayer  to  form  a flat  laminate.  The 
laminated  sheet  is  then  formed  into  its  final  shape. 

Glass  must  be  formed  to  its  final  shape  prior  to  lamination  since 
forming  temperatures  would  damage  the  interlayer.  In  order  to  obtain 
matched  contours,  the  glass  facings  are  frequently  formed  as  "doublets". 
That  is,  the  two  plies  are  nested  on  top  of  each  other,  and  simul- 
taneously heated  and  sag  formed  to  their  *inal  shape.  It  should  be 
noted  that  when  nlass  is  hot  formed  to  a wrap  shape  it  is  usually 
supported  only  at  the  edges  to  avoid  markoff.  This  can  result  in 
sagging  between  supports,  and  the  straight-line  elements  of  the  wrapped 


section  will  end  up  with  slight  curvatures.  The  contours  produced 
using  this  matched  set  technique  will  be  nearly  Identical  for  each  ply. 

Glass-plastic  laminates  are  relatively  simple  to  form  if  one  of  the 
facings  can  be  cold  formed  to  match  the  other.  For  example,  a heli- 
copter windshield  made  up  of  an  .085-in. -thick  glass  ply  and  an 
. 080-iri. -thick  stretched  acrylic  ply  can  be  formed  by  slaving  the 
acrylic  ply  to  a preformed  glass  ply  since  the  glass  is  over  twenty 
times  stiffer  than  the  plastic.  Conversely,  curved  windshields  for 
transport  aircraft  have  been  produced  with  thin,  elastic  .050-in. 
glass  slaved  to  thick,  preformed  plastic  main  plies. 

When  cold  forming  of  dissimilar  material  plies  cannot  be  accomplished, 
the  individual  plies  must  be  formed  separately  to  identical  contours. 
This  operation  must  be  carried  out  with  great  precision  since  variations 
in  contour  between  plies  will  create  a nonuniform  gap  for  the  inter- 
layer and  will  cause  optical  distortion  if  the  outer  surfaces  of  the 
final  laminate  are  not  parallel.  Sophisticated  tooling  methods  are 
needed  for  such  applications. 


Figure  29-5.  Thinning  of  Free-Blown  Acrylic  Parts. 
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29.9  Tolerances 


Practical  tolerances  that  can  be  expected  for  transparent  components 
are  show-  in  Table  29-1.  These  are  normal  tolerances  and  can  vary 
consideraoly  based  on  functional  requirements  and  tooling.  For  curved 
parts  it  is  customary  to  use  a master  tool  i.iock-up  to  control  trim 
lines,  contours,  hole  patterns,  and  other  interface  dimensions. 

TABLE  29-1.  PRACTICAL  TOLERANCES  FOR  TRANSPARENT  COMPONENTS 


Feature Tolerance  (inches) 


Part  Trim 

+ 

.032 

Drilled  Hole  Positions 

+ 

.007 

Edge  Contour  (plastic  parts) 

+ 

.032 

Edge  Contour  (glass  parts) 

+ 

.125 

Central  Contour  (free-formed) 

+ 

.500 

Central  Contour  (contact- formed) 

+ 

.125 

NOTE:  The  method  of  inspection  to  be  used  for 

contoured  parts  should  be  specified  on 
applicable  drawings. 

29.10  Joining  Transparent  Materials  - Solvent  Cementing 

With  care  and  proper  procedures,  it  is  possible  to  obtain  cemented 
joints  of  acrylic  material  which  approximate  the  original  plastic  in 
strength.  The  cementing  of  transparent  acrylic  plastics  depends  on 
the  intermingling  of  the  two  surfaces  of  the  joint  so  that  there  is 
actual  cohesion  of  the  material  itself  (see  Figure  29-6).  To  effect 
cohesion,  an  inorganic  liquid  solvent  is  used  to  soften  the  surfaces 
of  the  materials  to  be  joined.  With  the  parts  in  intimate  contact, 
and  allowed  to  cure,  a cohesive  bond  will  result.  The  resultant 
cemented  joints  will  be  translucent  and  will  cause  a local  impairment 
of  visibility. 

Adhesives  conforming  to  MIL-A-8576  should  be  used  for  bonding  joints 
of  MIL-P-5425  cast  acryiic  only.  Use  M1L-A-25055  adhesive  for 
bonding  MIL-P-8184  modified  cast  acrylic,  and  cement,  Federal  Speci- 
fication P-S-18  for  bonding  MIL-P-25690  stretched  acrylic.  To 
prevent  crazing,  cast- acrylic  materials  must  be  annealed  prior  to 
and  after  cementing. 
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Cohesion 


Adhesive 


Figure  29-6.  Distinction  Between  Cohesion  and  Adhesion. 

Solvent  cementing  of  polycarbonate  parts  may  be  effected  by  the  use 
of  either  pure  solvents,  mixtures  of  solvents,  or  light  solutions  of 
polycarbonate  and  solvents.  Methylene  chloride  is  a solvent  suitable 
for  this  purpose. 

29.11  Adhesive  Bonding 

Transparent  assemblies  frequently  use  bonded  joints  to  attach  edge  re- 
inforcements, terminal  blocks,  seals  and  other  detail  features.  These 
added  components  can  be  made  of  other  plastics,  metals,  composites,  or 
synthetic  materials.  A wide  variety  of  adhesives  may  be  used  to  attach 
these  components,  depending  upon  the  specific  application,  anticipated 
environment,  and  structural  loading. 

When  selecting  the  adhesives,  certain  factors  must  be  considered.  These 
include  the  following: 

1.  Adhesives  containing  solvents  must  be  checked  to  make  sure  the 
solvents  will  not  adversely  affect  the  plastic  substrates. 

2.  If  a thermosetting  adhesive  is  to  be  used  on  a plastic,  its  cure 
temperature  must  be  below  the  critical  softe^'ng  temperature 

of  the  plastic. 

3.  Parts  must  be  dried  and  cleaned  thoroughly  to  obtain  the  highest 
quality  bonds.  Solvents  used  for  this  surface  preparation  must 
be  checked  for  chemical  compatibility  with  the  substrate. 
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4.  Bond  strength  may  sometimes  be  improved  by  light  sanding,  sand- 
blasting, or  vapor  blasting  the  faying  surfaces.  However,  this 
operation  must  be  done  with  extreme  caution  to  prevent  the  in- 
troduction of  surface  stress  raisers. 

29.12  Anneal ing 

Proper  annealing  of  fabricated  cast-acrylic  parts  is  one  of  the  most 
effective  measures  to  prevent  crazing.  Annealing  consists  of  pro- 
longed heating  of  the  cast  acrylic  part  at  temperatures  lower  than 
those  used  for  forming,  followed  by  slow  cooling.  Internal  stresses 
set  up  during  fabrication  of  the  article  are  reduced  or  eliminated 
by  this  treatment.  This  results  in  a part  of  greater  dimensional 
stability  and  greater  resistance  to  crazing.  Annealing  also  improves 
the  strength  of  cemented  joints.  In  order  to  obtain  these  benefits, 
it  is  necessary  for  the  annealing  to  be  done  after  all  other  fabri- 
cation procedures,  including  polishing,  are  completed. 

It  is  not  necessary  to  anneal  stretched  acrylic  material,  since  that 
material  has  a high  inherent  resistance  to  crazing. 

Process  specification  for  annealing  can  be  prepared  from  information 
provided  by  the  material  suppliers. 
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30.0  QUALIFICATION  TESTS 

Some  of  the  parameters  affecting  durability  and  performance  of  trans- 
parent enclosures  cannot  be  analyzed  with  sufficient  precision  for 
design  substantiation.  In  such  cases,  Qualification  tests  are  the 
key  to  product  reliability.  A properly  structured  qualification  pro- 
gram can  reveal  potential  service  problems  prior  to  making  production 
deliveries.  In  this  manner,  deficiencies  can  be  corrected  early  in 
the  aircraft  life  cycle  without  the  need  for  costly  retrofitting  or 
attribution  replacement  programs. 

Depending  upon  the  parameters  of  interest,  qualification  tests  are 
conducted  as  material  specimen  tests  or  full-scale  component  tests. 
Qualification  of  some  parameters  is  accomplished  through  system  in- 
tegration tests  performed  in  conjunction  with  aircraft  ground  or 
flight  tests.  However,  qualification  of  sophisticated  transparencies 
solely  on  the  basis  of  flight  tests  is  not  recommended  because 
such  tests  can  neither  be  comprehensive  with  regard  to  environmental 
interactions,  nor  demonstrate  long-term  durability  under  varying 
conditions. 

30. 1 Similarity 

Qualification  by  similarity  in  lieu  of  testing  is  desirable  for 
economic  reasons.  As  a rule,  this  procedure  applies  only  to 
material  properties.  It  is  not  a valid  alternative  for  tests  that 
require  full-scale  components,  unless  it  can  be  conclusively  demon- 
strated that  there  are  no  significant  differences  between  the  com- 
ponent in  question  and  the  already  qualified  component. 

30.2  Test  Methods 

Qualification  te„t  plans  are  developed  by  contractors  for  specific 
designs.  The  design  information  and  criteria  presented  in  this 
Handbook  should  be  used  to  guide  the  preparation  of  such  documents. 
Test  criteria  are  presented  in  the  "General  Specification  for  Heli- 
copter Transparent  Enclosures"  volume  of  this  handbook,  which  is 
based  on  established  practices  and  experimental  data.  Where  appli- 
cable, standard  test  methods  are  specified  and  should  be  used  if 
possible.  Several  unique  tests  are  also  described  in  the  following 
sections  to  cover  those  conditions  for  which  standard  test  methods 
are  nonexistent.  In  addition,  the  American  Society  for  Testing 
and  Materials  (ASTM)  is  in  the  process  of  developing  and  standardizing 
test  methods  for  Aerospace  Transparent  Enclosure  Materials.  This  ef- 
fort is  being  conducted  by  ASTM  Subcommittee  F7.08  and  includes  test 
methods  for  the  following  parameters: 


Abrasion 
Chemical  Attack 
Distortion 


Aging 

Bond  Integrity 
Bird  Impact 
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Hai 1 Impact 
Moisture  Sensitivity 
Thermal  Distribution 
Electrostatics 

30.3  Material  Specimen  Tests 


Interlayer  Stability 
Scratch  Resistance 
Toughness 


Material  specimen  tests  are  necessary  to  determine  the  responses  of 
transparent  materials  to  the  environmental  conditions  to  which  the 
helicopter  will  be  exposed.  The  environments,  natural  and  induced, 
that  aie  of  interest  are  listed  below. 

Ultraviolet  Radiation 
Chemicals 
Abrasion 

Flowing  Water  (rain,  washing) 

Blowing  Sand  and  Dust 
F i re 

Electromagnetic  Radiation 
(Radar) 

The  influences  of  these  environments  on  common  aircraft  transparent 
materials  are  described  in  the  appropriate  sections  of  this  handbook 
For  new  products  for  which  no  data  or  experience  has  been  accumulated, 
qualification  test  criteria  are  listed  in  the  General  Specification 
to  determine  material /environment  compatibility. 

To  illustrate  the  extent  to  which  raw  materials  are  qualified, 

Table  30-1  lists  qualification  tests  required  for  common  aircraft 
transparent  materials. 


Humidity 

Fungus 

Ballistics 

Foreign  Object  Damage  (FOD) 
Salt  Spray 
Temperature 
Static  Electricity 
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TABLE  30-1 


QUALIFICATION  TESTS  FOR  RAW  MATERIAL: 

Material 
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30.4  Abrasion  Tests 


Existing  field  service  has  demonstrated  that  the  most  prevalent  problems 
experienced  with  Army  helicopter  windshields  are  abrasion  and  the  re- 
sultant loss  of  transparency.  Abrasion  may  be  caused  by  windshield- 
wiper  action,  impingement  of  sand  or  dust  particles,  or  improper 
cleaning  procedures.  Laboratory  simulation  of  these  conditions  is 
required  as  part  of  component  qualification  so  that  performance  can 
be  reasonably  predicted  prior  to  introduction  to  service. 


Material  wear  characteristics  depend  on  the  abrading  medium.  There- 
fore, laboratory  tests  should  Duplicate  actual  conditions  as  closely 
as  possible  to  obtain  meaningful  results. 


The  relative  performances  of  different  materials  against  impinging 
sand  can  be  obtained  from  the  railing  Sand  Test  described  in  ASTM-D- 
670-70.  Windshield-wiper  and  cleaning  abrasion  require  unique  test 
methods,  two  variants  of  which  are  described  here. 


30.5  Windshield-Wiper  Test 


This  test  method  simulates  the  effects  of  windshield-wiper  operation 
on  dirty  windshields.  The  presence  of  an  abrasive  medium  is  necessary 
because  soft  rubber  wiper  blades  would  otherwise  be  incapable  of  abra- 
ding most  windshield  materials.  The  test  fixture  holds  a 16-in.  x 
24- in.  specimen  windshield  at  a 45°incline.  A windshield  wiper 
driver  arm  and  rubber  blade  (30-40  Shore  Hardness)  attached  to  an 
aircraft- type  motor  is  also  mounted  to  the  test  fixture,  as  well 
as  a system  for  regulating  and  discharging  the  abrasive  slurry  onto 
the  specimen  at  300  ml/minute  rate  (see  Figure  30-1). 


The  slurry  consists  of  100  grams  of  AC  Air  Cleaner  Test  Dust  (coarse) 
per  liter  of  water.  A peristaltic  pump  is  used  to  recirculate  and 
apply  the  slurry,  and  vigorous  stirring  is  required  in  the  reservoir 
to  prevent  the  abrasive  from  settling  out. 


Windshield-wiper  blades  are  adjusted  to  a pressure  of  0.5  pound  per 
linear  inch  of  blade  length  and  operated  at  160  cycles  per  minute 
unless  otherwise  specified.  Every  12,000  cycles  the  windshield-wiper 
blades  are  changed  and  additional  slurry  is  added  as  required. 


Haze  measurements  are  periodically  taken  at  increments  approximately 
corresponding  to  a 5%  increase  in  haze.  The  measurements  are  ob- 
tained from  eight  locations  spaced  equally  across  the  surface  of  the 
specimen. 


Considerable  variations  in  haze  levels  will  occur  with  this  test  method. 
Fluctuations  in  readings  of  over  30%  (haze  percentage)  are  typical  for 
measurements  taken  from  the  same  specimen  and  also  from  specimen  to 
specimen.  Some  of  the  factors  causing  the  variability  are  inherent 
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to  the  type  of  abrasion,  and  others  are  related  to  the  characteristics 
of  the  wiper  blade,  the  flatness  of  the  test  specimen,  and  the  wetting 
action  of  the  abrasive  slurry  on  different  substrates.  Nevertheless, 
the  method  does  simulate  actual  conditions,  and  the  variability  of  test 
results  should  be  taken  into  consideration  when  conclusions  are  made. 


Figure  30-1.  Windshield  Wiper  Test  Apparatus. 


30.6  Rubbing  Abrasion  Test 

This  test  method  uses  a reciprocating  motion  abrader  designed  to  pro- 
vide a rubbing  action  that  simulates  conditions  caused  by  dry  wiping 
dirty  transparencies. 

The  appartus  contains  clamps  to  mount  specimens,  a motor-driven  crank 
to  impart  a reciprocating  motion  to  the  abrading  heads,  a cycle  counter, 
and  a timer  (see  Figure  30-2).  A 1-inch-diameter  disc  of  100%  wool 
felt,  1/8-inch  thick,  is  cemented  to  the  abrading  head  and  impregnated 
with  400-grit  boron  carbide.  The  head  is  weighted  to  produce  a 1-psi 
pressure,  and  the  test  is  run  at  a speed  of  approximately  50  cycles 
per  minute.  After  each  25  cycles  the  abrading  head  is  reimpregnated. 

The  consistency  o|  the  haze  measurements  obtained  from  this  test  method 
is  approximately  -10%  in  haze  percentage  points. 
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Outdoor  weathering,  a degradation-promoting  process,  is  the  exposure 
of  materials  to  the  elements  that  are  peculiar  to  a particular  en- 
vironment, These  elements  are  essentially  sunlight,  temperature, 
moisture,  wind,  and  atmospheric  contaminants.  Of  these,  one  of  the 
most  important  factors  in  the  degradation  of  transparent  materials  is 
the  ultraviolet  portion  of  sunlight. 


Solar  radiation  received  on  horizontal  surfaces  in  the  continental 
United  States  ranges  between  300  and  500  Langleys  per  day  depending 
upon  the  location.  A Langley  is  equivalent  to  3.69  Btu/ft  . Stand- 
ardized sunshine  tests,  such  as  MIL-STD-810,  Method  505,  specify 
energy  inputs  of  100-140  watts/ft  , which  for  a 24-hour  period  is  ap- 
proximately 7 times  more  than  natural  sunshine.  Other  acclerated 
weathering  tests  such  as  Federal  Test  Method  Standard  408,  Method  6024, 
combine  ultraviolet  exposure  with  heat  and  humidity  to  further  hasten 
degradation.  However,  neither  type  test  actually  duplicates  natural 
weather,  and  correlation  is  therefore  always  uncertain.  The  tests 
do  serve  a useful  purpose  for  screening  functions,  however. 


More  realistic  weathering  tests  are  accomplished  by  exposing  specimens 
to  natural  weather  in  regions  with  above  average  daily  sunshine,  such 
as  Florida  or  Arizona.  There  are  also  private  weathering  test  facili- 
ties that  further  increase  daily  solar  radiation  by  utilizing  "follow 
the  sun"  apparatuses,  lhese  devices  can  receive  about  one-third  more 
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Langleys  than  stationary  samples  mounted  at  45°  incline  and  facing 
south.  An  additional  method  used  to  accelerate  natural  weathering 
is  the  Equatorial  Mount  with  Mirrors  and  Acceleration  (EMMA)  operated 
by  Desert  Sunshine  Laboratories,  Phoenix,  Arizona.  The  EMMA  concentrates 
the  intensity  of  solar  radiation  through  the  use  of  mirrors  and  provides 
a tenfold  increase  in  radiation  levels  as  compared  to  stationary 
mounting.  This  system  can  also  be  combined  with  a water  spray  to  in- 
clude the  effects  of  humidity. 

30.8  Component  Tests 

Component  assembly  tests  are  required  for  substantiation  of  the  fol- 
lowing parameters: 

Bird  Impact  Temperature  Extremes 

Structural  Integrity  Fail  Safety 

Endurance 

30.9  Birdproof  Tests 

lirdproof  requirements  are  substantiated  by  tests  in  which  bird  car- 
asses  are  launched  at  full-size  canopies  to  verify  the  penetration 
-esi stance  of  the  transparencies.  The  rationale  for  such  tests  and  the 
criteria  for  conducting  the  tests  are  presented  in  the  Birdproofing 
section  of  this  handbook. 

30.10  Temperature  Tests 

Exposure  to  high  and  low  temperature  extremes  is  necessary  for  laminated 
transparencies  to  verify  that  thermal  expansion/contraction  is  not  a 
problem.  These  tests  must  be  conducted  on  full-size  transparencies 
because  the  internal  stress  distributions  are  functions  of  size  and 
geometry.  Optical  quality  can  also  be  affected  by  temperature 
changes,  particularly  when  anti-ice  systems  are  energized.  In  such 
cases,  dimensional  changes  and  variations  in  the  index  cf  refraction 
can  be  detrimental  to  optical  lines  of  sight. 

30. 1 1 Structural  Integrity  Tests 

Structural  integrity  tests  are  necessary  to  verify  that  a transparency 
will  meet  all  of  the  design  loading  conditions  without  structural 
failures.  Ordinarily,  such  tests  are  necessary  only  for  laminated 
windshields  or  other  complicated  configurations  for  which  reliable 
methods  of  stress  analysis  do  not  exist. 


403 


Structural  tests  should  include  significant  loading  conditions  (pres- 
sure, wracking,  installation  preload,  etc.)  that  occur  in  service. 

The  tests  should  be  conducted  in  standard  laboratory  conditions,  and 
also  at  the  highest  and  lowest  temperatures  in  which  the  aircraft 
will  be  operational.  Exposure  to  high  and  low  temperatures  creates 
thermal  stresses  that  may  be  additive  to  the  stresses  from  mechanical 
loading,  thereby  producing  more  critical  conditions  than  if  either 
condition  were  tested  alone.  In  addition,  the  mechanical  properties 
of  some  transparent  materials  are  also  drastically  affected  by  temper- 
ature. 

To  illustrate  the  importance  of  temperature  in  structural  testing, 
windshield  facing  stresses  were  obtained  experimentally  for  two 
different  helicopter  windshield  configurations  that  were  subjected 
to  1 psi  pressure  loading,  -65°F  cold  soak,  1 25°F  hot  soak,  and 
combinations  thereof  in  Reference  1.  These  tests  showed  that  thermal 
stresses  were  approximately  equal  in  magnitude  to  pressure  stresses, 
and  the  highest  stresses  occurred  during  the  combined  pressure- 
temperature  tests. 

30.12  Fail -Safety  Tests 

Windshields  directly  in  front  of  the  pilot  should  be  sufficiently 
fail-safe  so  that  mission  abort  is  not  necessary  if  a crack  or  bullet 
hole  should  develop  in  the  transparency.  This  requirement  is  sub- 
stantiated by  demonstrating  that  a damaged  windshield  can  withstand 
its  design  limit  aerodynamic  pressure  without  collapse  despite  a 
crack  or  bullet  hole. 

Aerodynamic  pressure  can  be  simulated  with  a vacuum/pressure  chamber 
mounted  directly  to  the  windshield  or  canopy  structure.  It  is  im- 
portant to  provide  representative  edge  attachments  for  chis  test 
since  some  configurations  rely  on  the  edge  attachment's  tensile  re- 
straint for  fail -safety.  Pressure  can  be  maintained  during  the  test 
by  placing  a soft  rubber  patch  over  the  hole  or  crack  as  shown  in 
Figure  30-3. 


Figure  30-3.  Soft  Rubber  Patch  Maintains  Pressure  for  Fail-Safety  Test. 
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Integrated  Endurance  Test 


An  integrated  endurance  test  should  be  conducted  on  all  laminated 
windshields  prior  to  committing  the  design  to  production  to  avoid  costly 
service  problems.  The  integrated  endurance  test  should  be  conducted 
after  all  other  qualification  tests  are  completed  as  a final  test  of 
the  windshield's  quality  and  suitability  for  service.  The  test  is 
designee,  to  couple  the  significant  loading  conditions  that  can  occur 
simultaneously  in  order  to  obtain  a higher  total  stress  condition  and 
then  apply  those  loadings  cyclically  to  simulate  the  design  useful  life 
of  the  component.  This  test  will  detect  potential  design/process  flaws 
in  the  laboratory,  thereby  permitting  corrective  actions  to  be  imple- 
mented and  verified  in  an  expeditious,  cost-effective  manner. 

30.14  Windshield  Endurance  Test  Facility 

Special  test  facilities  are  required  to  conduct  windshield  endurance 
tests.  As  a minimum,  the  facility  should  have  provisions  to  simulate 
the  following  load  and  environment  conditions: 

1.  Aerodynamic  pressure  differential  (positive  or  negative). 

2.  Airframe  wracking. 

3.  External  ambient  temperatures  from  -65°F  to  +125°F. 

4.  Cockpit  air  temperatures  from  +40°F  to  +125°F. 

5.  Sufficient  airflow  to  permit  operation  of  windshield 
heating  systems  at  full  power. 

6.  Cold  shock  representative  of  rapid  altitude  descent  or  sudden 
entry  into  clouds  containing  supercooled  moisture. 

Typical  windshield  endurance  test  facilities  are  illustrated  in 
Figures  30-4  and  30-5.  The  principal  components  are: 

1.  Windshield  mounting  provisions  duplicating  the  stiffness  and 
heat  transfer  characteristics  of  the  actual  cockpit  structure. 

2.  Blower,  motor,  and  ducts  to  provide  a circulating  airflow. 

3.  Pressure  chamber  capable  of  applying  a vacuum  or  pressure  to 
the  inside  surface  of  the  windshield. 

4.  Liquid  nitrogen  system  for  cooling. 

5.  Environmental  condition!  system. 

6.  Observation  ports  for  periodic  inspection  of  windshields. 
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Actuator  for  Wracking  Loads 


30-5.  Typica1  Schematic  Diagram  of  an  Endurance  Test  Facility. 
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30.15  Endurance  Test  Load  Spectrum 


The  objective  of  helicopter  windshield  endurance  tests  is  to  simulate 
service  conditions  on  an  accelerated  basis.  This  is  accomplished  by 
condensing  the  time  between  applications  of  load,  thus  enabling  several 
years  of  service  to  be  demonstrated  in  a relatively  short  period. 


In  order  to  develop  u test  plan  for  an  endurance  test,  a usage  spectrum 
must  be  prepared  and  analyzed.  The  usage  spectrum  will  include  the 
significant  loading  conditions  that  affect  service  life.  Loading 
combinations,  magnitude,  and  frequency  of  occurrence,  as  well  as  environ- 
mental conditions,  must  be  selected  to  realistically  simulate  operating 
conditions. 


For  test  purposes,  environmental  conditions  may  be  generalized,  as  will 
be  described  subsequently.  However,  the  structural  environment  cannot 
be  generalized  and  must  be  based  on  specific  aircraft  characteristics 
and  mission  profiles. 


30.16 


Environmental  Conditions 


The  environment  can  degrade  structural  integrity  through  long-  or  short- 
term effects.  Long-term  degradation  can  be  caused  by  humidity  and 
ultraviolet  radiation.  If  it  is  desired  to  study  the  long-term  effects 
these  elements  will  have  on  structural  integrity,  specimens  should  be 
conditioned  prior  to  testing  by  prolonged  exposure  to  such  elements. 

The  effect  of  flaws  such  as  scratches  and  abrasions  can  also  oe 
evaluated  by  preconditioning  test  specimens. 


The  effects  of  temperature  on  the  structural  integrity  of  helicopter 
windshields  can  be  considered  to  be  short  term  and  can  be  simulated 
during  the  endurance  tests.  Critical  temperature  conditions  result 
from  exposure  to  natural  weather  and  the  operation  of  windshield 
heating  systems. 


30.17  Temperature  Environment  from  Natural  Climatic  Conditions 


Helicopter  operations  are  essentially  conducted  at  low  altitudes  whe^e 
local  geographic  weather  conditions  prevai1.  This  means  that  undue 
consgrvatism  would  result  if  extreme  MIL-SPEC  environments  (-65°F  or 
+I60°F)  were  assumed  to  occur  continuously  and  simultaneously  with 
all  structural  loading  conditions.  The  cold  and  hot  climate  tempera- 
ture distributions  shown  in  Tables  30-2  and  30-3  are  recommended. 


High  temperature  (160°F)  exposure  is  omitted  from  the  hot-climate 
tabulation  because  it  is  not  representative  of  flight  conditions, 
but  only  ground  or  storage  conditions.  It  should  be  noted  that  a 
severe  cold  climate  is  usually  more  detrimental  to  a transparency 
than  a severe  hot  climate. 
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TABLE  30-2.  Co^  CLIMATE  TEMPERATURE  DISTRIBUTION 


Temperature  { 

Percent  of  Time 

+40 

45 

+25 

25 

-25 

25 

-65 

5 

TABLE  30-3.  HOT  CLIMATE  TEMPERATURE 

DISTRIBUTION 

Temperature  (°F) 

Percent  of  Time 

100 

95 

125 

5 

30.18  Anti-Ice  Heating 

Windshield  anti-ice  heating  systems  should  be  operated  in  conjunction 

with  structural  loading  and  adverse  environment  conditions  to  deter- 
mine the  effects  of  the  interaction  on  reliability. 

For  endurance  test  purposes,  one  complete  power  cycle  per  flight  may 
be  assumed.  A power  cycle  begins  with  the  windshield  stabilized  at 
ambient  temperatures.  The  windshield  is  energized  until  operational 
temperature  is  reached,  as  indicated  by  the  windshield  temperature 
sensing  element.  Power  is  then  switched  off,  and  the  windshield  is 
allowed  to  cool  to  its  original  ambient  temperature  to  complete  the 
power  cycle. 
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30.19  Cold  Shock 


Cold  shock  occurs  when  an  aircraft  passes  f.-'om  dry  air  into  clouds 
containing  cool  moisture.  The  impinging  moisture  causes  a sudden 
cooling  of  the  windshield,  which  induces  thermal  stresses.  The  thermal 
stresses  are  most  severe  when  the  temperature  gradient  between  the 
windshield  surface  and  impinging  moisture  is  greatest.  Therefore, 
the  conditions  should  be  imposed  w.  a the  windshield  is  at  its  maximum 
operating  temperature. 

Note  that  the  presence  of  liquid  water  is  a necessity  for  this  type  of 
cold  shock,  which  means  that  the  condition  is  applicable  only  for 
ambient  temperatures  above  25°F. 

The  cold  shock  can  be  applied  in  a test  by  lowering  the  external  am- 
bient air  temperature,  to  simulate  the  windshield  heat  demand  by  an 
amount  equivalent  to  the  sensible  and  evaporative  heat  'osses  that 
would  occur  from  the  impinging  moisture.  (Refer  to  Chapter  8 for 
procedures  used  to  calculate  heat  loads  and  temperature  gradients.) 

This  method  is  used  in  lieu  of  introducing  moisture  into  the  airstream 
since  it  is  exceedingly  difficult  to  maintain  a continuous  airflow 
containing  supercooled  moisture  without  forming  ice  in  the  test  chamber. 

30.20  Structural  Loading  Conditions 

The  structural  loads  applied  in  endurance  tests  should  be  based  on 
an  analysis  of  ground-air-ground  (GAG)  cycles.  The  GAG  cycle  will 
contain  the  maximum  loads  that  are  encountered  in  a single  flight. 

Since  the  absolute  maximum  load  conditions  do  not  occur  every  flight, 
a load  spectrum  must  also  be  generated  to  show  the  frequency  of 
occurrence  of  critical  conditions. 

30.21  Load  Spectra 

To  illustrate  how  a load  spectrum  is  developed,  consiu  r the  case  of 
aerodynamic  pressure  loading.  The  aerodynamic  pressure  load  is 
predominantly  a function  of  airspeed  and  aircraft  attitude  (pitch  and 
yaw).  For  cargo  or  utility  helicopters  the  basic  mission  calls  for 
level  flight  at  cruise  speed  between  origin  and  destination,  and 
the  aerodynamic  pressure  GAG  cycle  for  this  condition  would  simply 
appear  as  shown  in  Figure  30-6.  However,  since  a certain  percentage 
of  missions  will  be  flown  at  airspeeds  faster  or  slower  than  cruise 
speed,  additional  GAG  cycles  for  such  conditions  must  also  be  developed. 
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Figure  30-5.  Aerodynamic  Pressure  Ground-Air-Ground  Cycle. 


The  number  of  different  GAG  cycles  developed  is  based  on  considerations 
such  as  the  variation  in  load  intensities  and  the  frequency  of  their 
occurrence.  For  the  hypothetical  utility  helicopter  example,  a spectrum 
showing  the  percentage  of  missions  during  which  a given  airspeed  is 
reached  might  take  the  form  shown  in  Figure  30-7.  The  schedule  of 
load  applications  for  endurance  tests  would  follow  the  same  distribution 
and  appear  as  shown  in  Figure  30-8.  If  the  average  helicopter  mission 
is  15  minutes,  each  group  of  10  load  applications  is  equivalent  to  2.5 
hours  of  flight  time. 
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Maximum  Airspeed  Achieved  per  r'iight 


Figure  30-7.  Hypothetical  Distribution  of  Maximum  Airspeed  Versus 
Percentage  of  Flights. 
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Figure  30-8.  Schedule  of  Loading  for  Endurance  Tests. 

Thus,  for  a test  representative  of  1000  hours  of  flight  time  in  a hot 
climate,  the  load  application  schedule  is  coupled  with  the  warm  climate 
temperature  data  from  Table  30-3,  which  yields  the  spectrum  of  test 
cycles  shown  in  Table  30-4. 


TABLE  30-4.  ENDURANCE  TEST  SCHEDULE  (EXAMPLE) 


Warm  Climate 

(Airspeed  Distribution  from  Figure 

30-7) 

No.  of  Load 
Applications 

Velocity 

(mph) 

Aerodynamic 

Pressure 

(psi) 

Temg) 

380 

180 

.75 

100 

95%  3040 

160 

.59 

100 

380 

128 

.38 

100 

20 

180 

.75 

125 

5%  160 

160 

.59 

125 

20 

128 

.38 

125 

Total  = 4Q00 
Notes:  v 


cruise 


max 


= 160  mph 
= 180  mph 


1000  hours  - 4000  flights 
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Similarly,  Table  30-5,  shows  a representative  test  schedule  for  a 
cold  climate. 

TABLE  30-5.  ENDURANCE  TEST  SCHEDULE  (EXAMPLE) 

Cold  Climate  (Airspeed  Distribution  from  Figure  30-?) 

Aerodynamic 


No.  of  Loads 
Applications 

Velocity 

(mph) 

Pressure 

(psi) 

Temperature 

Cold 

Shock 

180 

180 

.75 

+40 

yes 

45%  1440 

160 

.59 

+40 

yes 

180 

128 

.38 

+40 

yes 

100 

180 

.75 

+25 

yes 

25%  800 

160 

. 59 

+25 

yes 

100 

128 

.38 

+25 

yes 

100 

180 

.75 

-25 

no 

25%  800 

160 

.59 

-25 

no 

100 

128 

.38 

-25 

no 

20 

180 

.75 

-65 

no 

5%  160 

160 

.59 

-65 

no 

20 

128 

.38 

-65 

no 

Total  = 4000 

Notes:  "cruise 

= 160  mph 

1000  hours  = 4000 

flights 

w = 180  "ph 


Endurance  tests  representative  of  both  hot  and  cold  climates  are 
recommended  since  Army  helicopters  are  expected  to  be  operational 
worldwide  regardless  of  climate. 
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30.21.1  Multiple  Peak  Loads 

Multiple  peak  loads  can  occur  during  a GAG  cycle.  This  condition  occurs 
with  Scout  or  Attack  helicopters  where  the  mission  might  include  periods 
of  loiter  (hover  or  low  speed)  intermixed  with  periods  of  dash  (high 
airspeed).  The  GAG  cycle  might  then  appear  as  shown  in  Figure  30-9. 

In  addition,  severe  pitching  and  rolling  may  also  be  encountered  during 
evasive  actions  or  attacks.  These  changes  in  attitude  affect  aero- 
dynamic pressure  coefficients  and  therefore  must  also  be  considered 
in  the  load  spectrum. 


<u 


Tine 

Figure  30-9.  Aerodynamic  Pressure  During  Ground-Air-Ground  Cycle 
with  Multiple  Load  Peaks  per  Flight. 

30.22  Installation  Preload 


Maximum  limits  of  installation  preload  should  be  simulated  during 
endurance  tests.  Installation  preload  occurs  when  there  is  a mismatch 
between  surface  contours  of  the  windshield  and  the  airframe  as  a re- 
sult of  manufacturing  tolerances  or  uneven  fastener  torque.  This 
condition  remains  constant  after  the  component  has  been  installed. 

Installation  preload  can  be  simulated  by  placing  shims  between  the 
windshield  and  structure,  or  by  the  controlled  overtorquing  of 
selected  fasteners. 

30.23  Miscellaneous  Condition 

If  other  flight  or  ground  loading  conditions,  aside  from  aerodynamic 
pressure,  are  also  known  from  stress  analyses  or  instrumented  tests 
to  affect  windshield  integrity,  their  effects  should  be  coupled  in  the 
load  spectrum,  as  applicable.  For  example,  vertical  acceleration  in 
some  cases  can  produce  racking  loads  that  are  additive  to  pressure 
loads.  Thus,  to  consider  this  effect,  the  load  spectrum  might  be 
modified  as  shown  in  Figure  30-10. 
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Maximum  Airspeed  and  Vertical  Load 
Factor  Achieved  per  Flight 

Figure  30-10.  Hypothetical  Distribution  of  Airspeed  Coupled  with 
Load  Factor. 

30.24  Systems  Integration  Tests 

Certain  transparency  parameters  are  most  effectively  demonstrated 
during  systems  integration  tests.  These  parameters,  together  with 
comments  on  typical  tests,  are  listed  in  Table  30-6. 


TABLE  30-6.  TRANSPARENCY  SYSTEMS  INTEGRATION  TESTS 


Parameter 


Comment 


Anti-Ice 


Rain  Removal 


Demonstrated  by  flight- test  in  known 
icing  conditions.  Spray  rigs  or  speci- 
ally equipped  tanker  aircraft  are  used  to 
create  artificial  icing  conditions  to 
facilitate  testing  (See  Figure  30-11). 

Windshield  wipers  are  demonstrated  by 
flight  test  during  light  and  heavy  rain 
conditions.  Jet  blast  rain  removal 
systems  require  additional  tests  to  demon- 
strate that  there  is  sufficient  airflow 
to  clear  the  windshields  under  various 
engine  power  settings  and  flight  con- 
ditions without  overheating. 

Internal  cockpit  reflections  are  evalu- 
ated as  part  of  cockpit  lighting  mockups 
and  flight  tests. 
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Cockpit  Reflections 


TABLE  30-6.  TRANSPARENCY  SYSTEMS  INTEGRATION  TESTS  (cont. ) 


Parameter 


Comment 


Vibration 

Jettison  of  Escape  Panels 
Lightning  Strikes 
Static  Electricity 
Radar  Reflectivity 


Flight  test  should  verify  that  there 

are  no  resonances  to  cause  objects 
to  dither  when  viewed  through  the 
transparencies. 

Demonstrate  operation  during  ground 
test. 

Need  for  protection  is  determined 
with  scale-model  tests. 

Rarely  a problem  with  helicopters  - 
Verify  by  flight  test. 

Evaluate  radar  signatures  by  scale- 
model  tests. 


v* 

^ ' , J*  ^ 


Figure  30-11.  Icing  Spray  Rig  Test. 
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31.0  ACCEPTANCE  TESTS 

Once  a design  has  been  qualified  and  put  into  production,  acceptance 
tests  are  required  to  monitor  manufacturing  and  processing  variables 
that  could  affect  performance.  The  following  is  a list  of  parameter? 
that  could  vary  between  otherwise  identical  products: 

Dimensions 
Workmanship 
Optical  Quality 
Electrical  Resistance 
Dielectric  Strength 
Temperature  Uniformity 
Bond  Strength 
Glass  Temper 

31.1  Acceptance  Tests  for  Raw  Materials 

Raw  materials,  with  the  exception  of  interlayers  are  normally  procured 
to  military  specifications.  The  acceptance  tests  that  are  necessary 
for  conformity  with  the  various  material  specifications  are  presented 
in  Table  31-1. 

31.2  Test  Methods 

A number  of  standard  test  methods  appropriate  for  evaluating  transparency 
acceptance  parameters  are  available  from  several  sources  and  are  re- 
ferred to  in  Volume  B,  the  "General  Specification  for  Helicopter  Trans- 
parent Enclosures,"  In  addition,  the  American  Society  for  Testing  and 
Materials  (ASTM)  is  currently  developing  and  standardizing  test  methods 
for  Aerospace  Transparent  Enclosure  Materials.  This  effort  is  being 
conducted  by  ASTM  Subcommittee  F7.08  and  includes  test  methods  for  the 
following  parameters. 


Distortion 

Interlayer  Stability 
Bond  Integrity 
Toughness 

Finished  Product  Acceptance  Tests 


Thermal  Distortion 
Chemical  Moisture 
Scratch 

Electrostatics 


The  General  Specification  for  Helicopter  Transparent  Enclosures, 

Volume  B of  this  Handbook,  includes  recommended  acceptance  criteria 
for  finished  products.  This  criteria  is  based  on  established  practices 
and  historical  data.  Historical  data  should  also  be  used  by  manufac- 
turers to  establish  sampling  and  frequency  schedules  for  quality  control 
of  specific  components. 
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32. U MAINTENANCE  INSPECTION  AND  FAULT  IDENTIFICATION 

In  order  to  provide  clear  vision  for  helicopter  flight  crews,  proper 
maintenance  of  transparent  enclosures  is  mandatory. 

Once  damaged,  most  transparencies  cannot  be  repaired  but  require 
replacement.  Replacement  is  expensive  in  terms  of  component  cost, 
maintenance  man-hours  and  aircraft  downtime.  Therefore,  proper  train- 
ing and  observance  of  appropriate  handbook  instructions  for  preventive 
maintenance  will  help  to  extend  transparency  service  life  and  decrease 
operating  expenses. 

32. 1 Storage 

A first  step  toward  reduced  maintenance  costs  is  the  adherence  to 
proper  storage  procedures. 

Transparencies  should  be  stored  in  cool,  dry  places.  Protective 
coverings  of  paper , cardboard,  canvas,  cloth,  or  plastic  flim  should 
be  used  to  prevent  accumulation  of  surface  dust.  Panels  should  be 
stored  on  their  edges. 

If  horizontal  storage  is  necessary,  larger  panels  should  be  placed 
on  the  bottom  to  eliminate  overhang  and  subsequent  creep.  Care  should 
be  taken  to  keep  foreign  objects  from  between  the  panels  and  to 
avoid  sliding  one  panel  over  another. 

32.2  Cleaning 


The  cleaning  of  transparencies  is  the  most  common  maintenance  action 
and  is  accomplished  daily  or  before  every  flight.  Glass  is  more 
tolerant  than  plastic  to  cleaning  procedures  but  care  should  still 
be  exercised  to  avoid  scratching.  Daily  maintenance  consists  simply 
of  washing  with  clear  water  and  drying  with  soft  cloths.  When  this 
becomes  ineffective,  the  following  procedures  may  be  implemented. 

If  the  transparency  has  a wiper,  this  is  first  cleaned  of  any 
accumulated  dust  and  dirt.  The  transparency  is  then  wiped  using  a rec- 
ommended cleaning  compound  on  a clean,  soft  cloth  of  cotton  flannel 
outing  flannel,  flannelette,  or  a similar  material.  If  extremely 
dirty,  a transparency  may  be  washed  with  a mild,  nonabrasive  detergent 
mixed  with  water.  Bug  specks,  caked  dirt,  and  mud  should  be  loosened 
carefully  by  hand.  The  transparency  should  then  be  rinsed  thoroughly 
and  dried  with  a clean,  damp  chamois.  Grease,  oil  and  paint  may  be 
removed  by  using  specific  solvents  recommended  by  the  transparency 
manufacturer. 

When  the  transparency  has  been  washed,  a thin  coat  of  wax  may  be  ap- 
plied. After  drying  for  several  minutes,  the  surface  can  be  polished 
to  a high  luster. 
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32.3  Precautions 


Maintenance  personnel  should  observe  caution  to  avoid  scratching  trans- 
parencies with  hard  or  sharp  objects,  such  as  rings,  watches,  belt 
buckles,  and  pens.  Ice  scrapers  should  never  be  employed  to  clear 
plastic  transparencies.  Handling  should  be  limited  to  the  transparency 
edges  or  retainers. 

Care  should  be  exercised  when  polishing  plastic  surfaces  to  avoid  local 
frictional  overheating  as  this  can  result  in  optical  distortion. 

Do  not  use  gasoline,  alcohol,  kerosene,  benzene,  xylene,  ketones  in- 
cluding acetone,  carbon  tetrachloride  fire  extinguishing  or  de-icing 
fluids,  lacquer  thinners,  aromatic  hydrocarbons,  ethers,  glass-cleaning 
compounds,  or  other  solvents  on  plastic  transparencies  unless  specifi- 
cally recommended  by  the  manufacturer.  These  may  tend  to  soften  or 
craze  the  surface.  Harmful  chemicals  should  be  listed  in  the  appropri- 
ate manuals,  or  placarded  in  the  airframe. 

32.4  Inspection 


Regular  inspection  of  transparencies  is  necessary  to  determine  when 
preventive  maintenance  or  replacement  is  needed.  The  appropriate 
maintenance  manuals  should  establish  acceptance  criteria,  e.g. 
allowable  depth  of  scratches  or  area  of  delamination  and  critical 
areas  in  which  vision  must  not  be  impaired. 

In  addition  to  the  inspection  of  the  transparency  surface,  a careful 
examination  of  seals  should  be  made.  A laminated  windshield  assembly 
will  have  two  seals  around  its  edge  when  installed.  An  integral 
seal,  installed  by  the  windshield  manufacturer,  prevents  moisture  and 
contaminants  from  affecting  the  bonds  or  the  heating  film  between 
transparency  layers.  An  aerodynamic  seal,  which  may  De  either  pre- 
formed or  cast-in-place,  weather-seals  the  aircrew  station  from  the 
airstream  and  provides  the  aircraft  with  a smooth  external  surface. 
The  deterioration  of  eitner  seal  can  lead  to  windshield  damage  re- 
quiring replacement. 

32.5  Malfunctions 


The  categorization  of  failure  modes  facilitates  problem  definition 
and  analysis.  Results  can  then  be  fed  back  to  the  appropriate  per- 
sonnel who  can  implement  corrective  actions.  The  following  are  the  most 
frequently  encountered  malfunctions. 


a.  Crazing  - Crazing  is  a defect  common  to  plastic  materials  and 
consists  of  numerous  shallow,  fissure-like  cracks  in  the  surface 
of  a transparency.  Crazing  may  be  caused  by  either  the  stress 
loading  to  which  a panel  is  subjected  or  exposure  to  solvents. 
Severe  crazing  can  ultimately  lead  to  panel  cracking  and  structural 
malfunctions.  Crazing  also  increases  panel  haze  and  thus  degrades 
vision.  An  example  of  light  crazing  is  shown  in  Figure  32-1. 

423 


, — — — ^rsaxsassss^zr** 


Figure  32-1.  Crazed  Acrylic  Window. 

Cracking  - Due  to  its  brittle  characteristics,  glass  is  more 
susceptible  to  cracking  than  plastic  materials.  Figure  32-2 
shows  a laminated-glass  windshield  that  was  cracked  on 
installation  by  the  excessive  preload  used  to  force  the  wind- 
shield to  match  airframe  contour.  Plastic  materials  are 
also  subject  to  cracking,  and  Figure  32*3  shows  a crack  which 
originated  at  a point  of  delamination  in  a laminated  poly- 
ester/acrylic windshield.  Transparencies  are  also  frequently 
cracked  by  impact  from  foreign  objects. 
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c.  Scratching  - Scratching  is  the  most  common  cause  of  windshield 

replacement.  There  are  countless  srurces  of  windshield  scratches. 
To  name  a few:  Windshield  wipers,  improper  cleaning  procedures, 
contact  with  hard  objects,  ana  even,  built-in  hazards.  For  ex- 
ample. the  sliding  window  pictured  in  Figure  32-4  was  scratched 
on  contact  with  its  own  sill. 

Plastic  materials  are  so  susceptible  to  abrasion  that  just  a few 
strokes  of  dry  windshield  wiper  can  cause  scratches  severe  enough 
to  warrant  replacement.  The  severe  loss  of  vision  due  to  wind- 
shield wiper  abrasion  can  he  seen  in  Figure  32-5- 


Figure  32-4.  Sliding  Window  Scratched  by  Sill. 
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Figure  32-5.  WindshieH  rh*v*  hv  Wip^r. 


Delamination  - Delamination  is  the  breakdown  of  adhesion  between 
the  interlayer  and  substrate  of  a laminated  assembly.  This  can 
occur  as  a result  of  moisture  penetration  or  entrapment . over- 
heating. or  mechanical  forces  wnich  exceed  the  intei laver  bond 
strengtn.  A delamination  will  produce  a tians lucent  internal 
Surface  that  ohsrurpp  v'^irn  A n pvaniplp  • <'  •(("«.  , ,v:  pp  ^ppn 
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Figure  32-6.  Delamination. 


Bubbling  - Bubbling  consists  of  gaseous  inclusions  in  the  inter- 
layer of  a laminated  windshield.  These  are  produced  by  moisture 
or  by  overheating.  A severe  case  of  bubbling  is  shown  in 
Figure  32-7. 


Figure  32-7.  Bubbles  Formed  in  Interlayer  of  Laminated  Windshield. 
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Burnout  - Burnout  is  an  electrical  failure  of  a heated  wind- 
shield. It  will  be  evidenced  by  charring  and  outgassing  at  the 
bus  bar  or  heating  film,  sometimes  with  an  adjacent  area  of  de- 
lamination or  cracking  as  shown  in  Figure  32-8.  Burnout  may  be 
caused  by  arcing  and  the  short-circuiting  of  the  heating  film 
current  due  to  seal  failure  and  moisture  penetration. 
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Figure  32-8.  Charred  Heating  Film  Adjacent  to  Crack. 


Open  circuits  - Open  circuits  due  to  wiring  breaks  in  heated 
windshields  can  result  in  partial  or  complete  loss  of  power, 
or  loss  of  signal  from  the  temperature  sensor.  Such  failures 
necessitate  replacement  if  the  damaged  joint  or  component  is 
inaccessible. 

Softening  - Plastic  transparencies  may  soften  and  flow,  causing 
local  distortion,  from  exposure  to  excessive  heat,  such  as  might 
occur  from  a jet  blast  rain  removal  system.  Frictional  heat  from 
mechanical  buffing  and  polishing  can  also  soften  plastics. 

Solvent  Attack  - Exposure  of  plastic  materials  to  certain  solvents 
can  cause  loss  of  clarity  due  to  crazing  or  local  clouding. 

Discoloration  or  Hazing  - The  long  term  effects  of  aging  and  solar 
radiation  include  discoloration  and  loss  of  optical  clarity  for 
certain  materials. 

Impact  Damage  - Foreign  object  impact  can  produce  a wide  range  of 
damage  from  local  chipping  to  complete  loss  of  structural  integrity 


32.6  Repairs 


Successful  repairs  can  be  made  to  lightly  scratched  plastic  transparen- 
cies. Minor  scratches  may  be  polished  out  of  a surface  using  a buffer 
and  a scratch  removing  compound.  Very  little  pressure  is  used  in  this 
procedure  and  the  buffer  is  moved  frequently  to  avoid  local  frictional 
overheating. 

Deeper  scratches  are  sanded  out  using  a rubber  (or  equivalent  flexible 
type)  block  and  specific  abrasives.  The  surface  is  kept  wet  and  washed 
thoroughly  between  operations.  The  damage  must  be  blended  out  over  a 
wide  area  as  sanding  of  a confined  area  will  lead  to  unacceptable 
levels  of  distortion.  Even  so,  a reworked  surface  cannot  equal  the 
quality  of  the  original  finish  and  some  distortion  will  always  result. 


Transparency  seals  may  be  successfully  repaired.  A faulty  integral 
seal  on  a laminated  assembly  should  be  removed  and  replaced  according 
to  the  manufacturer's  instructions.  A faulty  aerodynamic/weather  seal 
may  be  repaired  locally  by  removal  and  replacement  of  the  sealant 
material 


Installation  fasteners  should  not  be  retorqued  to  cure  ? rainwater 
leak.  Overtorquing  can  cause  the  windshield  to  pick  up  airframe  loads, 
warp  and  preload  the  panel,  or  force  the  interlayer  to  flow  or  dis- 
tort, and  it  could  initiate  or  aggravate  delamination. 

Cracks  in  monolithic  plastic  transparencies  can  sometimes  be  repaired 
by  stop-drilling  and  cementing  on  a patch.  As  can  be  seen  in  Figure 
32-9,  such  a patch  is  translucent  but  not  transparent. 

Other  methods  of  repair,  such  as  transparent  plugs  and  fabric  overlay 
patches,  are  described  in  Reference  1.  These  techniques  are  used  for 
expediency  and  will  degrade  vision,  and  they  should  not  be  used  in 
areas  where  vision  is  critical. 
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33.0  LIFE  CYCLE  COSTS 


The  initial  procurement  cost  of  a transparency  represents  only  a small 
part  of  its  total  life-cycle  cost.  Some  of  the  other  major  cost  elements 
are  shown  in  the  simplified  life-cycle  model  presented  in  Figure  33-1. 
This  model  does  not  include  indirect  costs  for  transporting  and  stock- 
ing spare  parts,  routine  maintenance,  operational  readiness,  and  logis- 
tics oaperwork.  Dollar  value  is  assumed  to  be  constant  because  it  is 
impossible  to  predict  the  effects  of  economic  inflation  with  any 
accuracy.  As  a result,  life-cycle  cost  estimates  derived  from  this 
model  will  be  somewhat  optimistic. 

A grasp  of  the  relative  contributions  from  each  element  in  the  model 
can  be  obtained  by  studying  the  example  problem  shown  in  Figure  33-2. 

In  the  example,  lifetime  maintenance  costs  are  high  because  the  mean 
time  between  removal-replacement  (MTBRR)  is  low  in  comparison  to  the 
airframt  service  life. 

MTBRR  = Total  fleet  time  X number  of  components  per  aircraft 

Numbt:-  of  components  replaced 

Historical  data  showing  a range  of  MTBRR1 s for  typical  transparencies 
are  presented  in  Table  33-1. 

TABLE  33-1.  MEAN  TIME  BETWE:N  REMOVAL- REPLACEMENT  (MTBRR)  FOR 
HELICOPTER  TRANSPARENCIES 


Transparency 


Range  of  MTBRR  (hours) 


Heated  Windshields 

Plastic  Windshields 

Other  Cockpit  Windows 

Cabin  Windows 

Fixed-Wing  Transport 
Airplane  Windshields 


600 

900 

1700 

2000 

2000 


6000 

6000 

32.000 

23.000 
7000 


Data  from  Ref.  1,  2 
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Spare  Unit 
Cost 


Field 

Replacement 


Unit 

Fabrication 

Cost 


Factory- 

Installation 

Cost 


Initial- 

Procurement 

Cost 


Unit 

Life-Cycle 

Cost 


Number  of 
Units  per 
Aircraft 


Humber  of 
Aircraft 
in  Fleet 


Total 
Life -Cycle 
Cost 


Total  Unit 
Cost 


Number  of  Occurances  = 
Airframe  Service  Life 
Mean  Time  Between 
Removal 


Lifetime 

Maintenance 

Cost 


Engineering 
Design  & 
Qualification 


Manufacturing 
Processes  & 
Tooling 


Total 

Development 

Costs 


Figure  33-1.  Simplified  Life-Cycle  Cost  Model. 


The  wide  spreads  between  MTBRR's  in  the  table  indicate  that  for 
certain  designs  or  applications  there  is  room  for  substantial  improve- 
ment in  component  reliability.  A comprehensive  engineering  development 
program  can  often  substantially  improve  reliability  without  any,  or 
very  little,  effect  on  recurring  cost.  This  approach  is  highly  leveraged 
in  favor  of  minimizing  life  cycle  costs.  In  the  example  problem,  tor 
instance,  if  an  additional  $100,000  spent  on  development  was  to  improve 
the  MTBRR  to  2,000  hours,  the  total  life  cycle  saving  would  be  5.4 
million  dollars. 

Improving  MTBRR's  and  providing  interchangeability  also  favorably 
influences  aircraft  operational  readiness  to  yield  additional  economic 
benefits.  As  an  illustration,  consider  the  following  example: 


E 


I 

6 


Given:  Annual  utilization  = 500  hours 
MTBRR  = 1000  hours 

Average  time  for  replacement  = 1-1/2  days 


ST 


Number  of  windshields  per  aircraft  = 2 

Therefore:  Number  of  days  out  of  service  per  year  = 1-1/2 

Theoretically  this  means  the  helicopter  is  unavailable  0.5  percent 
of  the  time,  and  productivity  will  suffer  accordingly.  Such  conse- 
quences can  be  greatly  minimized  by  relatively  small  expenditures  to 
provide  interchangeable  panels  designed  for  rapid  removal  and  installa- 
tion. 


i 
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APPENDIX  A 


APPLICABLE  SPECIFICATION  AND  STANDARDS 


Specifications  and  standards  applicable  to  the  design  of  helicopter 
transparent  enclosures  are  listed  below  for  reference  purposes. 


Federal  Specifications 


L-P-391C  (1) 

L-P-515A 
P-P-56QA 
0D-G-451C  (4) 

P-S-18 

Federal  Standards 


Plastic  Sheets,  Rods,  and  Tubing,  kigid  Multiappl ic- 
ation  (Methacrylate,  Cast). 

Plastic  Sheet  and  Plastic  Rod,  Thermosetting,  Cast 
Polish,  Plastic 

Glass,  Plate,  Sheet,  Figured  (Float,  Flat  for  Glazing, 
Corrugaged,  Mirrors  and  other  uses) 

Cement 


Federal  Test  Method  Standard  No.  175  A - Adhesives:  Methods  of  Testing 
Federal  Test  Methods  Standard  No.  141a  - Paint,  Varnish,  Lacquer  and 
Related  Materials,  Method  of  Inspection. 

Military  Specifications 


MTL-A-8576B  (2) 
MIL-A-46108A 

MIL-A-25055 

MIL-B-5087 

MIL-C-675A  (3) 
MIL-C-6799F  (1) 

MIL-C-7439D 


MIL-C-14806A  (2) 

MIL-C-27315A 

MIL-D-16791E  (3) 
MIL-E-38453A 

MIL-F-7179E  (1) 
MIL-G-1366E 


Adhesive;  Acrylic  Base  (for  Acrylic  Plastic) 

Armor,  Transparent,  Laminated  Glass-Faced  Plastic 
Composite. 

Adhesive 

Bonding,  Electrical  and  lightn.ng  Protection  for 
Aerospace  Systems. 

Coating  of  Glass  Optical  Elements  (Anti-Reflection) 
Coatings,  SprayaDle,  Strippable,  Protective,  Wafer 
Emulsion. 

Coating  System.  Elastomeric,  Ran:  Erosion  Resistant 
and  Rain  Erosion  Resistant  with  Antistatic  Treatment, 
for  Exterior  Aircraft  and  Missile  Plastic  Parts. 
Coating,  Reflection  Reducing,  for  Instrument  Cover 
Glasses  and  Lighting  Wedges. 

Coating  Systems,  Elastomeric,  Thermally  Reflective 
and  Rain  Erosion  Resistant. 

Detergent,  General  Purpose  ("Liquid  Norionic ) 
Environmental  Control.  Environmental  Protection  and 
Engine  Bleed  Air  Systems,  Aircraft  and  Aircraft 
Launched  Missiles,  General  Specifications  for 
Finishes  and  costings,  Protection  of  Aerospace  Weapon: 
Systems  Structures  and  Parcs,  General  Specification  fc 
Glass,  Window.  Aerial  Photographic 
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Military  Specifications  (Cont.) 


MIL-G-5485C 
MIL-G-25667B  (1) 
MIL-G-25871A  (1) 
MIL-I-8500C 


MIL-P-116F 
MIL-P-5425C  (4) 
MIL-P-5952  (1) 


MIL-P-6997B 


MIL-P-7524 
MIL-P-8184B  (11 
MIL-P-8257B  (1) 
MIL-P-9071A 


MIL-P-25374A  (1) 
MIL-P-25690A  (3) 


M1L-P-83310 
MIL-P.-9300B 
MIL-R-25506B 
MIL-R-81261 A 


MIL-R-83055 


MIL-R-83056 
MIL-S-6625A 
MIL-S-7742B  (1) 


MIL-S-8802 


MIL- S- 1 1030 
MIL-T-5842A  (1) 


MI L-T-Sl 714 
HIL-V-22272B  (1) 
MIL-W-80C 


MIL-W-6882D 


MIL-W-7233A 


M1L*W-81752{ AS) 


Glass,  Laminated,  Flat,  Bullet  Resistant 
Glass,  Monolithic,  Aircraft  Glazing 
Glass,  Laminated,  Aircraft  Glazing 
Interchangeability  and  Replaceability  of  Component 
Parts  for  Aerospace  Vehicles. 

Preservation,  Packaging,  Methods  of 
Plastic,  Acrylic  Sheet,  Heat  Resistant 
Plastic  Areas,  Transparent,  Aircraft  Optical 
Inspection  of 

Plastic,  Working  and  Installation  of  Transparent  Sheet, 
General  Specification  for 

Plastic  Sheet,  Acrylic  Laminated  Heat  Resistant 

Plastic:  Acrylic  Sheet  Modified 

Plastic  Sheet,  Thermosetting,  Transparent 

Plasticizer  Content  for  Transparent  Laminated  Glazing 

Materials,  Determination  of 

Plastic  Sheet,  Acrylic,  Modified  Laminated 

Plastic,  Sheets  and  Parts,  Modified  Acrylic  Base, 

Monolithic,  Crack  Propagation  Resistant 

Plastic  Sheet  Polycarbonate,  Transparent 

Resin,  Epoxy,  Low  Pressure,  Laminating 

Resin,  Silicone,  Low  Pressure,  Laminating  (ASG) 

Rain  Repellent,  Glass  Window  and  Windhield,  for 
In-Flight  Application. 

Rain  Repellent,  Dispensing  System  Aircraft  Wind- 
shield, General  Specification  for 

Rain  Repellent,  In-Flight  Applied,  Aircraft  Windshield. 
Spray  Equipment.  Aircraft  Windshield,  Anti-Icing 
Screw  Threads,  Standard  Optimum  Selected  Series, 

General  Specification  for. 

Sealing  Compound,  Temperature  Resistant,  Integral 
fuel  Tanks  and  Fuel  Cell  Cavities,  High  Adhesion 
Sealing  Compound,  Non-Curing,  Polysulfide  Base 
Transparent  Areas,  Anti-Icing,  Defrosting  and 
Befogging  Systsms,  General  Specification  for 
Terminal  Junction  Systems,  General  Specification  for 
Visors,  Protective,  Helmet 

Window,  Observation,  Acrylic  Base,  Ant.i electrostatic, 
Transparent  (for  indicating  instrument). 

Water  Repel lant.  Kits,  Window  and  Windshield,  Glass 
and  Plastic 

Windshield  Wiper,  Electric,  Aircraft,  General 
Requirements  for 

Windshield  Systems,  Fixed  Wing  Aircraft-General 
Specification  for 
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Military  Handbooks 


MJI.-HDBK-17A 

MIL-UDBK- 141 

MIL-HDBK-691A 

MIL-HDBK-700A 

MIL-HDBK-722 

MIL-HDBK-725 

AMCP  706-203 

Military  Standards 

MIL-STD-129F  (1) 
MIL-STD-143B  (1) 

MIL-STD-210B 
MIL-SI D-721B  (1) 

MIL-STD-704A 
MIL-STD-794D  (2) 
MIL-STD-810C 
MIL-STD-850B 


MIL- STD- 1241 A 


Miscellaneous 


1-1A-12 

AR-70-38 

AS-680A 


Plastics  for  Aerospace  Vehicles,  Part  II-Transparent 
Glazing  Materials. 

Military  Standardization  Handbook,  Optical  Design 

Military  Standardization  Handbook,  Adhesives 

Military  Standardization  Handbook,  Plastics 

Military  Handbook,  Glass 

Military  Handbook,  Adhesives 

Engineering  Design  Handbook,  Helicopters,  Part  3 


Marking  for  Shipment  and  Storage 
Specifications  and  Standards,  Order  of  Precedence 
for  the  Selection  of 
Climatic  Extremes  for  Military  Aircraft 
Definitions  of  Effectiveness  Terms  for  Reliability 
Maintainability,  Human  Factors  and  Safety 
Electric  Power,  Characteristics  and  Utilization  of 
Parts  and  Equipment.  Procedures  for  Packaging  of 
Environmental  Test  Methods 

Aircrew  Stations  Vision  Requirements  for  Military 
Aircraft 

Optical  Terms  and  Definitions 


Fabrication,  Maintenance,  and  Repair  of  Transparent 
Plastics 

Research  Development,  Test  and  Evaluations  of  Material 
for  Extreme  Climatic  Conditions 

Pilot  Visibility  from  the  Flight  Deck  Design  Objectives 
Commercial  Transport  Aircraft. 
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HELICOPTER  TRANSPARENCY  CONFIGURATIONS 


sssr  sass. 


Left-Hand  Aft  Cabin  Window 
0.150-In.  Acrylic 


Figure  B-l.  AH-1  Transparencies. 
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Windshield  - 
,090-in. Acrylic 
MIL-P-25690 


Lower  Window 
090-in.  Acrylic 
MIL-P-25690 


Door  Window  — ' 
.OUO-in.  Polycarbonate 


Roof  Window 
.080-in.  Acrylic 


Cabin  Window 

.060-in.  Acrylic 


Figure  B-4.  OH-6  Transparencies. 


See  Detail 


Roof  Window 

.125 -in.  Stretched 
Acrylic  MIL-P-5^25 


^063-in.  Sierracin  900 
1 — Conductive  Coating 


/ Z_  .190-in.  Acrylic 

MIL-P-25690 

075-in.PVB 

Windshield  Section 


ST 


Lower  Windows 

.125-in.  Stretched  Acrylic  MIL-P-25o90 

Figure  B-5.  CH-53  Transparencies. 
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Figure  B-6.  CH-47  Transparencies. 


o O 


'-Lower  Window 
. 100-in.  Acrylic 
MIL-P-25690 

Figure  B-7.  CH-54  Transparencies. 
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GLOSSARY 


The  following  is  a list  of  definitions  for  terms  used  in  this  handbook 
and  commonly  associated  with  transparent  enclosures: 

Absorption  - The  amount  of  light  that  is  neither  reflected  nor  transmitted 
but  is  retained  within  the  object. 

Achromatic  - Lacking  in  hue  and  saturation.  Achromatic  colors  vary  only 
in  brightness,  from  black  to  white. 

Acrylic  Plastic  - (Also  known  as  an  acrylate  or  a methacrylate  base) 
Thermoplastic  material  produced  by  a complex  chemical  reaction  of  the 
monomeric  derivatives  of  acrylic  acid;  supplied  in  forms  of  cast  sheets, 
rods,  bars,  tubes,  crystals  and  powder,  transparent,  opaque  or  a variety 
of  colors. 

Acuity,  Visual  - The  ability  of  the  eye  to  perceive  form  and  detail  in  a 
plane  perpendicular  to  the  line  of  sight. 

Adherend  - An  object  bonded  or  to  be  bonded  to  another  object  by  an 
adhesive.  (See  also  Substrate). 

Adhesion  - The  state  in  which  two  surfaces  are  held  together  by  inter- 
facial  forces  consisting  of  chemical  or  mechanical  forces,  or  both. 

Adhesive  - A substance  capable  of  holding  materials  together  by  adhesion. 

Ambient  - Encompassing  on  all  sides. 

Analysis  - The  generation,  examination,  and  reduction  of  software  data. 

Angle  of  Incidence  - The  angle  at  which  a line  or  ray  strikes  a surface, 
measured  from  a normal  to  the  surface  at  the  point  of  incidence. 

Angular  (optical)  Deviation  - The  change  in  direction  of  a ray  of  light 
caused  by  incidence  with  a reflector  or  refractor.  It  is  the  angle 
between  the  direction  of  the  incident  ray  and  the  direction  of  the  same 
ray  on  emergence. 

Anneal inq  - A controlled  heating  and  cooling  process  used  to  reduce  inter- 
nal stresses  caused  by  previous  forming  or  machining  processes  performed 
on  glass  or  plastic  sheet  materials. 
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Ashing  - The  process  of  removing  scratches  or  other  surface  defects  from 
a plastic  by  the  mild  abrasive  action  of  a pumice  paste  or  similar  materi- 
al applied  to  the  plastic  surface  with  a rotating  cloth  wheel.  This  pro- 
cess, sometimes  used  instead  of  sanding,  leaves  a cloudy  surface  which 
may  be  brought  to  a high  polish  by  buffing. 


I Azimuth  - The  bearing  in  the  horizontal  plane,  usually  expressed  as  an 

| angle,  and  in  air  navigation  measured  clockwise  from  true  north,  grid 

I north,  or  magnetic  north,  from  Oh  to  360-s. 

£ 

s 

I Binocular  Field  - The  field  of  vision  of  the  two  eyes  acting  conjointly. 

t Birefringent  - A double  refracting  property  of  a transparent  material 

\ which  splits  light  rays  into  regions  of  variable  intensity. 


i|  Blister  - A local  elevation  of  the  surface  of  an  adherend  (somewhat  re- 

| sembling  the  shape  of  a blister  on  the  human  skin). 

A Biowins  - Oil  stains  caused  by  penetration  of  oily  substance  alony  the 

1 edge  of  a laminate. 
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Bond  - (verb)  To  attach  materials  together  by  adhesives;  (noun)  The 
attachment  at  an  interface  between  an  adhesive  and  an  adherend.  (See 
also  Joint). 

Bond  Strength  - The  unit  load  (applied  in  tension,  compression,  flexure, 
peel,  impact,  cleavage,  or  shear)  required  to  break  an  adhesive-bonded 
assembly,  with  failure  occurring  either  within  the  adhesive,  or  at  the 
adhesive-adherent  interface. 

Brightness  - 1.  Attribute  of  visual  sensation  determined  by  intensity  of 
light  radiation  reaching  the  eye.  Sometimes  called  lightness,  tint,  or 
value.  Refers  to  variations  along  the  achromatic  scale  of  black  to  white. 
2.  Photometric  measure  of  light  emission  per  unit  area  of  a luminous 
body  or  of  a translucent  or  reflective  surface,  i.e.,  candlepower  per 
unit  area. 

Bubbling  - Gaseous  inclusions  appearing  in  a material. 


Buffing  - The  process  by  which  the  ashed  or  sanded  surface  of  a plastic 
Ts  brought  to  a high  polish.  It  usually  consists  of  the  application  to 
the  plastic  surface  of  a polishing  or  "buffing"  compound  by  means  of  a 
rotating  cloth  wheel. 


Bus  Bar  - An  electrical  conductor  used  to  transmit  power  to  the  edge  of 
a thin  conductive  film. 
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Candle  - Unit  of  light  intensity.  At  a distance  of  one  foot,  one  candle 
produces  an  illumination  of  one  foot-candle  (equivalent  to  one  lumen  per 
square  foot)  upon  a surface  normal  to  the  beam. 

Canopy  - The  transparent  portion  of  an  enclosure,  exclusive  of  the  wind- 
shield. 

Cement  - A substance  capable  of  holding  materials  together  by  cohesion. 

Chemical  Tempering  - Am  ion  exchange  process  used  on  glass  sheet  that 
hardens  the  outer  surfaces  and  places  the  material  inside  in  a tensile 
mode.  Also  referred  to  as  chemical  strengthening. 

CIP  - Cast-in-place  - A term  used  to  identify  a type  of  interlayer  material 
that  is  poured  between  the  transparent  face  sheets  of  a fabricated  part 
and  cured  as  a component  part  of  the  assembly. 

Cohesion  - The  state  in  which  the  particles  of  a single  substance  (such 
as  an  adhesive  or  adherend)  are  held  together  by  chemical  forces. 

Condensation  - The  formation  of  liquid  water  obtained  by  cooling  from  the 
gaseous  state. 

Conductivity  - 1.  The  reciprocal  of  resistivity  (electrical);  2.  The 
time  rate  of  heat  transfer  through  a unit  volume  at  a unit  difference  in 
temperature. 

Copolymer  - A polymer  formed  by  the  reaction  of  two  or  more  different 
monomers. 

Copolymerization  - A polymerization  involving  two  or  more  different 
monomers. 

Corona  - An  electrical  field  emission  surrounding  a conducting  body 
characterized  by  ionization  of  the  air  and  often  a visible  glow. 

Cracking  - The  complete  separation  of  a structure,  usually  perpendicular 
to  the  surface  and  caused  by  a stress  imposed  on  the  material. 

Crack  Propagation  Resistance  - A measure  of  the  work,  other  than  that 
resulting  in  permanent  deformation,  that  is  absorbed  per  unit  nominal 
area  of  crack  extension,  determined  at  the  time  when  a creeping  natural 
crack  leaps  forward.  This  property  is  sometimes  called  "shatter 
resistance"  or  "toughness". 


Crazing  - A network  of  fine  cracks  over  the  surface  of  a plastic.  Crazing 
may  be  initiated  by  a chemical  reaction  with  a solvent  or  by  an  applied 
loads.  Continued  lead  application  will  enlarge  the  cracks. 

Creep  - The  dimensional  change,  with  time,  of  a material  under  load,  fol- 
lowing the  initial,  instantaneous  rapid  elastic  deformation. 

CRT  - Cathode- ray  tube. 

Culiets  - Small,  transparent  glass  chips  that  adhere  to  interior  plastic 
or  glass  surfaces  within  a laminate. 

Cure  - To  further  change  the  physical  properties  of  an  adhesive  (which  has 
set)  by  chemical  reaction,  such  as  condensation,  polymerization,  or 
vulcanization. 

Cushion  - The  soft  surface  layer  formed  on  transparent  plastic  when  im- 
mersed in  a cement  during  soak  cementing. 

Dark  Adaptation  - The  process  whereby  the  eye  attains  greater  sensitivity 
to  light  when  placed  in  an  illumination  lower  than  that  to  which  it  was 
previously  exposed. 

Decibel  - Log  unit  expressing  relative  levels  of  intensity  or  power. 

Delamination  - The  breakdown  of  adhesion  between  the  interlayer  and  the 
substrate  of  a laminated  assembly. 

Demonstration  - The  observation  that  the  equipment  meets  the  requirements 
for  which  it  was  intended  under  the  conditions  specified. 

Deviation  - The  displacement  of  a beam  of  light  as  a result  of  its  passing 
chrcugh  a transparency  at  an  angle;  this  is  a function  of  the  angle  of 
incidence  at  each  thickness  of  material  and  the  index  of  refraction  of  \he 
material . 

Diathermanous  - Highly  transparent  to  infrared  radiation. 


Distortion  - 
'otically  d 

Dry  - To  c.hc 
constituents 


^api d change  in  angular  deviation  over  a small  area  that 
.'S  the  portion  of  a true  image  projected  through  it. 

• hysical  state  of  an  adhesive  by  allowing  solvent 
- ..  .rate  or  become  absorbed,  or  both. 


ECM  - 1.  "Electronic  counterm2asure(s)".  2.  "Electronic  countermeasure 


mission 
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Elastomer  - A material  which  at  room  temperature  can  be  stretched 
repeatedly  to  at  1ea*t  twice  its  original  length,  and  , upon  release  of 
the  stress,  will  immediately  return  to  its  approximate  original  length. 

Emissivity  - The  heat  energy  radiated  per  unit  of  time  from  a surface  to 
its  adjacent  environment,  which  is  at  a different  temperature. 

Enclosure  - The  complete  transparent  assembly,  including  canopy,  edge 
attachments,  frames,  failings,  side  beams  and  seals. 

Faying  Surface  - That  surface  of  an  object  that  is  bonded  to  another  object. 

Focal  Length  - A characteristic  of  a lens  or  oilier  focusing  optical  system, 
being  the  distance  from  the  lens  where  parallel  light  rays  will  meet  after 
passing  through  the  lens. 

g ~ standard  unit  of  acceleration  ~ The  acceleration  due  to  qravity  (32 

2 

ft/sec  ).  g is  often  used  to  represent  the  force  on  the  body  due  to 
acceleration. 

Glass  - A transparent  amorphous  substance  ordinarily  consisting  of  a 
mixture  of  silicates. 

Glint  - A bright,  reflected  flash  or  beam  of  light. 

Haze  - Haze  is  that  percentage  of  transmitted  light  that  in  passing  through 
the  specimen  deviates  from  the  incident  beam  by  scattering. 

Hue  - The  attribute  of  color  determined  primarily  by  the  wavelength  of 
light  entering  the  eye.  Spectral  hues  range  from  red  through  orange, 
yellow,  green,  and  blue  to  violet. 

Illuminance  - The  flux  striking  a surface,  measured  in  lumens  per  unit 
area. 

Illusion  - A misinterpretation  of  certain  elements  in  a given  experience, 
so  that  the  experience  does  not  represent  the  objective  situation. 

Inspection  - A progressive  visual  examination. 

Intensity  - 1.  The  quantitative  attribute  or  value  of  a sensory  process 
or  unit,  correlated  in  general  with  the  intensity  of  the  physical  stimulus. 
2.  Flux  per  solid  angle  from  a point  source  measured  in  lumens  per 
steradian. 
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Interlayer  - A transparent,  flexible  material  used  as  an  adhesive  between 
plies  in  a laminated  assembly. 

Joint  - A joint,  plane  or  area  of  an  assembly  at  which  two  or  more  com- 
ponents are  held  together. 

Laminar  Shear  Strength  - The  shear  strength  parallel  to  the  laminar  plane 
of  a composite;  also,  in  stretched  acrylic,  the  shear  strength  parallel 
to  the  principal  surfaces. 

Laminar  Tensile  Strength  - Flatwise  tensile  strength  perpendicular  to  the 
laminar  planes. 

Laminate  - A product  made  by  bonding  together  two  or  more  materials. 

Laminated  Glass  - A sandwich  consisting  of  two  or  more  layers  of  glass 
with  a plastic  interlayer  between  each  pair  of  layers  of  glass. 

Light  - Radiant  energy  that  arouses  visual  sensations. 

Lint  - Small  bits  of  fabric  embedded  in  the  plastic  layers  or  entrapped 
in  the  interlayer  of  a laminate. 

Lumen  - Unit  of  luminous  flux:  luminous  flux  emitted  per  second  by  a 
point  source  of  one  candle  intensity  through  a solid  angle  of  one 
steradian. 

Luminance  - The  luminous  emittance  in  one  direction  from  an  extended 
source,  measured  in  lumens  per  unit  area  per  steradian. 

Luminous  Emittance  - The  flux  emitted  in  all  directions  from  each  unit 
area  of  an  extended  source,  measured  in  lumens  per  unit  area. 

L'-'.inous  Flux  - Analogous  to  rate  of  transfer  of  energy,  it  is  the  total 
visl energy  emitted  by  a source  per  unit  time. 

Luminous  Transmittance  - The  ratio  of  transmitted  to  incident  light. 

Mark  Off  - Surface  imperfections  produced  by  the  transfer  of  mold  surface 
defects  to  the  component  during  molding  and  forming  operations. 

Masking  - The  process  of  protecting  or  covering  a highly  polished  plastic 
surface. 

Modulus  of  Rupture  - The  tensile  or  compressive  stress,  f,  in  the  extreme 
fiber  of  a beam  computed  by  the  flexure  equation  f = Mc/I,  where  M is  the 
bending  moment  that  causes  rupture,  c is  the  distance  from  the  neutral  axis 
to  the  extreme  fiber,  and  I is  the  moment  of  inertia  of  the  cross-sectional 
area  about  the  neutral  axis. 
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Monocular  Field  - Field  of  vision  with  one  eye  alone. 

Mono! i thic  - Uniform  throughout,  as  a transparency  consisting  of  a single 
homogeneous  ply. 

Monomer  - A relatively  simple  compound  that  can  react  to  form  a polymer. 
MTBF  - Mean  Time  Between  Failure. 

MTBRR  - Mean  Time  Between  Removal  or  Replacement. 

Myopia  - Refractive  defect  of  certain  eyes  in  which  the  focal  point  of 
the  relaxed  lens  is  in  front  of  the  retina. 


Notch  Sensitivity  - The  ratio  of  the  unnotched  and  the  notched  strengths 
of  a material. 

Perception  - The  awareness  of  external  objects,  qualities,  or  relations, 
that  ensues  directly  upon  sensory  processes. 

Photometer  - An  optical  device  that  utilizes  equations  of  brilliance  to 
permit  the  measurement  of  a photometric  quantity,  such  as  candle  power, 
illumination,  or  brightness. 

Photometry  - The  measurement  of  visible  radiation  on  the  basis  of  its 
effect  upon  the  eye  under  standard  conditions  and  usually  involving  an 
adjustment  of  two  contiguous  parts  of  the  visual  field,  either  to 
identify  or  to  determine  a minimal  difference. 

Photopic  - Vision  under  illumination  sufficient  to  permit  the  dis- 
crimination of  colors.  Sometimes  called  daylight  vision. 

Plastic  - A material  that  contains  as  an  essential  ingredient  an  organic 
substance  of  high  molecular  weight,  that  is  solid  in  its  finished  state, 
and  that  at  some  stage  in  its  manufacture  or  in  its  processing  into 
finished  article,  can  be  shaped  by  flow. 

Plastic  Streaks  - Surface  irregularities  in  the  plastic  tiller  that 
appear  as  faint  streaks  in  a laminated  product. 


Plasticity  - A property  of  a material  that  permits  permanent  and  con- 
tinuous deformation  without  rupture,  upon  the  application  of  a force 
that  exceeds  the  yield  value  of  the  material. 


Plasticizer  - A chemical  agent  incorporated  in  a material  to  increase 
its  flexibility,  workability,  or  ductility. 

Plexiglas  - Trade  name  for  acrylic  plastic  manufactured  by  the  Rohm  & 
Haas  Company. 
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Polarizer  - An  optical  device  or  film  whose  crystalline  or  molecular 
orientation  tends  to  allow  transmission  of  light  in  parallel  planes  and 
attenuate  all  other  components  of  random  light. 

Polycarbonates  - A family  of  polymers  of  which  only  the  "bisphenol  A" 
type  is  considered  for  structural  aircraft  glazing. 

Polymer  - A large  molecule  of  high  molecular  weight,  formed  by  the  react- 
ion of  simple  molecules  (monomers),  either  by  polymerization  (addition 
polymer)  or  by  polyccndensation  (condensation  polymer).  (When  two  or  more 
monomers  are  involved,  the  product  is  called  a copolymer).  A polymer  can 
usually  be  represented  by  a chain  of  repeating  structural  units. 

Polymerization  - A chemical  reaction  in  which  the  molecules  of  a monomer 
link  together  to  form  a polymer  without  releasing  any  other  substance; 
when  two  or  more  monomers  are  involved,  called  copolymerization. 

Primer  - A coating  applied  to  a surface  to  improve  the  performance  of  a 
bond. 

PVB  - Polyvinyl  Butyral. 

Reflectance  - The  ratio  of  luminous  flux  reflected  from  a surface  to  the 
luminous  flux  striking  it. 

Reflection  - The  return  of  a wave  from  a surface  it  encounters  t.o  the 
medium  from  which  it  came. 

Refraction  - A change  in  the  angle  of  propagation  of  a wave  that  occurs 
when  it  passes  from  one  transparent  medium  to  another  of  different  density 
or  elasticity. 

Refractive  Index  - A numerical  expression  indicating  the  degree  to  which 
the  path  of  light  or  radiant  energy  is  bent  in  passing  from  one  trans- 
parent medium  into  another. 

Resin  - Any  of  a class  of  solid  or  semisolid  organic  products  of  natural 
ir  synthetic  origin,  that  are  insoluble  in  water  and  generally  of  high 
molecular  weight,  and  have  no  definite  melting  point  and  no  tendency  to 
crystallize. 

Rubber  - Any  of  a number  of  elastomeric  compounds. 

Sag  Forming  - A process  used  for  forming  glass  sheet  by  reheating  it  to 
a sufficient  degree  of  flexibility  for  bending  over  a mold  shape. 
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Saturation  (Color)  - The  extent  to  which  a chromatic  color  differs  from 
a gray  of  the  same  brightness,  measured  on  an  arbitrary  scale  from  0%  to 
100%  (where  0%  is  gray). 

Scratch  - A sharp,  penetrating  surface  defect  in  glass  or  plastic  caused 
by  an  abrasive  material. 

Shatter  Resistance  - See  Crack  Propagation  Resistance,  Toughness. 

i Set  - To  convert  an  adhesive  into  a fixed  or  hardened  state  by  chemical 
action  (such  as  condensation,  polymerization,  oxidation,  vulcanization, 
gelation,  and  hydration)  or  by  physical  action  (such  as  evaporation  of 
volatile  constituents). 

Slip  Forming  - A method  of  forming  three-dimensional  parts  in  which 
thinning  out  is  reduced  by  allowing  the  excess  plastic  sheeting  to  slip 
through  the  clamping  rings  while  the  sheet  is  being  stretched  during 
forming. 

Snap-Back  Forming  - A method  of  forming  based  on  the  tendency  of  trans- 
parent plastic  sheets  to  return  to  their  flat  sheet  form  as  long  as  they 
are  hot. 

Solvent  - Any  liquid  that  attacks  and  dissolves  certain  solids  with  which 
it  comes  in  contact. 

Solvent  Cement  - A solvent  or  mixture  of  solvents  that  softens  a plaster 
so  that  two  or  more  pieces  may  be  bonded. 

Star  Fracture  - A minute  radial  craze  usually  originating  from  an  inclu- 
sion, bubble  or  other  microscopic  defect.  Can  be  detected  by  a bright 
pinpoint  reflection  in  oblique  light. 

Stop  Drill  - The  process  of  drilling  holes  at  the  extremities  of  cracks 
to  stop  the  propagation  of  the  crack. 

Strain  Point  (Glass)  - That  temperature  at  which  the  internal  stresses  in 
a glass  are  substantially  relieved  in  about  four  hours.  Also,  that 

14  5 

temperature  at  which  glass  has  a viscosity  of  10  poises. 

/ 

Streamerinq  - An  electrical  field  emission  characterized  by  fork-like 
glows  in  the  presence  of  a high  potential  difference. 

Stretching  - Stretching  a heated  plastic  sheet  either  in  two  perpendic- 
ular directions  or  in  all  directions  in  the  plane  of  the  sheet  to  improve 
the  physical  properties  throughout  reorientation  of  the  molecules. 

Substrate  - A material  on  which  an  adhesive  or  similar  substance  is  spread 
for  any  purpose,  such  as  bonding  or  coating;  a broader  term  than  adherend. 
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Surface  Resistivity  - A nondimensional  number  in  ,/  square  which  is  used 
to  classify  the  thickness  of  metallic  coatings  with  relation  to  their 
electrical  resistances. 

Target  Acquisition  Signature  - The  shape  and  intensity  of  a returned  radar 
signal  which  identifies  an  aircraft. 

Temper  - A thermal  or  chemical  process  by  which  a glass  panel  is  pre- 
stressed, placing  the  surface  in  compression  and  core  in  tension.  This 
results  in  increased  strength. 

Test  - The  verification  of  eguipment  performance  through  the  measurement, 
observation,  and  recording  of  results. 

Thermal  Tempering  - A process  of  heating  glass  to  near  its  softening  point 
and  rapidly  cooling  it  under  rigorous  control  to  increase  its  strength. 

Thermoplastic  - A plastic  that  upon  being  heated,  becomes  soft  and  pliable, 
and  that  will  harden  when  cooled. 

Thermosetting  - A plastic  that  can  be  heated  and  molded  only  once. 

Thinner  - A volatile  liquid  added  to  an  adhesive  to  modify  the  consistency 
or  other  working  properties  of  the  adhesive. 

"Tin  Float11  - A process  in  which  the  glass  is  i nated  on  molten  tin  at 
a sufficient  temperature  to  heat  polish  the  1 - • surface  while  the  upper 

surface  is  flame  polished. 

Toughness  - A measure  of  a material's  ability  to  absorb  energy  before 
fracture. 

Transmission  - The  passage  of  light  (energy)  through  an  object  or  medium. 

Transmittance  - The  ratio  of  transmitted  luminous  flux  to  incident 
luminous  flux  (expressed  as  a percentage). 

Transparency  - Any  structural  portion  of  an  aircraft  allowing  clear  vision 
while  protecting  the  inside  of  the  aircraft  from  the  surrounding  environment 

Uniaxial  Stretching  - A process  used  in  the  manufacture  of  certain  films 
that  also  makes  them  birefringent  by  virtue  of  the  molecular  orientation. 

Useful  Life  - The  projected  serv  ce  life  of  a component,  after  which 
scheduled  replacement  is  expected  to  be  required. 
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Vents  - Cracks  in  glass  plates  that  do  not  so  open  as  to  make  a rough 
surface  or  cause  glass  to  fall  away. 

Visual  Angle  - The  angle  subtended  by  an  object  of  vision  at  the  nodal 
point  of  the  eye. 

Visual  Field  - That  part  of  space  that  can  be  seen  when  head  and  eyes  are 
motionless,  or  the  totality  of  visual  stimuli  that  act  upon  the  unmoving 
eye  at  a given  moment. 

V^n  Protection  Ballistic  Limit  - A measure  of  the  effectiveness  of  an 
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armor  panel:  that  velocity  at  which  a specified  projectile  has  a 50% 
change  of  penetrating  the  panel. 

Warm  Forming  - A process  in  which  stretched  acrylic  is  formed  at  less  than 
its  deformation  temperature  in  order  to  prevent  relaxation  to  its  original 
unstretched  dimensions  and  properties. 

Waviness  - A wave-like  unevenness  or  out-of-plane  area  in  the  surface  of 
a plastic. 

Wavelength  - The  distance  travelled  by  an  electromagnetic  wave  during  the 
interval  covered  by  a cycle. 

Windscreen  - (British)  a windshield. 

Windshield  - A pane  or  surface  area  of  glass  or  other  transparent  material 
ahead  of  the  cockpit  or  in  front  of  the  pilot's  cabin  affording  protection 
from  the  wind  and  allowing  forward  vision. 


